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I.O I_,ITRODUCTIOK

This study concerns a systen,,in which solar flux is exploited as a force

to change orbital Far&_.etersof a passive cor_z,unication satellite in a _anner

which when controlled w571 _ermit sufficient chan_e of these parameters to

provide n_.eansfor station _eeping of a satellite with respect to others in the

saz,.eorbital ;,lane.The purpose is to he able to _aintain spa_n_ cf a r,_nbmm;

Ptmqberof these satellites to provide r_u<iz_r,con_.unicationscovera_-e&round

the eaI%h's surface as opposed to rando_ placement of si_J_larsatellites.
t

7he method of controlling the force upon the satellite due to solar _lux is

to position surfac,.,sof t,arying solar force character5stics towar_ltilesuP.as

a functicn of orci_ positio:_by to_._ain.gaFainst the earth's n-agr',eticfield

with curren:s in three mubuallv orthcgcnal coils rigidly fixed to the satellite.

The first four months effort has been divided h_to three vajor headings;

";ontrol,structure ar,a orbital qomputations. Considered ,underthese headincs

are feasibility with refard to control accuracy add st_.bilityi_tN_ctural

weiFht: the_al balance; reliability and con :oner,t life; oFtir_ coil weight vs

power su[,plyweiFht" and zmbilit_ in terv..sof orbital para_,,eters.

The st_dy was ,fadeby cow,paringt_,_oaFproaches. One, called the "dual

fli_ "_ in which the satellite was flipped t_ice ;er orbit in the near ecl_.pti,:[lane

to place alternate sides to_ards the sun when the sun 15no _ms host nearly tan[ental

to the satellite's velocity vector. The other, a vertically oriented system, where

one _xis of the satellite is pointed to,card the earth's center at all times, thus

_ci_tin_ alternate surfaces towards the sun when the suu line Is ta_gentlal to the

_e].ocityvectors.

Two objectives were to be accomplished durin_ the first four _,nths cf

this stuO_"_r_rar.. First, to select the most pro_Lsing w,ste_ and second, to

-emonstrate feasihility. This report will present first those _ara,_eterswhich

" will _e si_niCicantly different for the aforementioned two systems studied in order

1964008526-008



tc establish a _asis for the reco_ended choice. Following this will _e presented

those additional areas studied to complete the feasibility pict:r_.

I
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2.0 RECO_%_f_ATIC:'

_'_eresults of the fi1"stfour months study have shown that the

vertical oriented syster,is a _.ore readily attainable system. At first it w_s

leiieved that the d_l i_l___systelr,woul'1_e_ter utilize the effects of sclar forces

%ecause the satellite could be _ontrolled in attitude to _lire(:_ly_cint the desired

fa_e toward the sun during larf-e_ortions of each ortit %y _olar vectoring. The

,'erticallyoriented satellite _ust by cor,trast acc_t an offset equal to the anFle

cf the ortital plar:eto the ecliptic plane. I_owever,upon evaluating seconda_.,_

solar fcrces,specifically the earth's albedo and r_diation, it was fourd that

slightly Freater total lifferentlal forces were ottained in the vertically o__ented

systez_..F_rther _asis for this recorz_endati_n is rresented in section 3.0

It, tPt - _t_l|l|_t 2-I
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3.1 CONTROL SYS'_F_",

3.1.1 Control System Coals

_ne function of the control system is to aliSa the _ymmetrical axis oi"the

vehicle along a predetermined direction vector. For the dual flip system configura-

tior the s_m1_ne forms the reference vec+nr and for the vertical c_nfigu_-a,ion the

orblb velocity vector fcrms the external reference. At appropriate t._es the

desired pointing direction is reversed (flip operation) to establish a new direction

a_d/or ma_nitud_ _.forbit correction force_. Th6 contA_l system should point the

sym_tric_l axis alon_ the externa_ re_er_nce vector with .dnimum error consistent

- with me_ing the other r_uir_nts of the system.

Due to tho high reliability requl,foment i_aed by the ex_ectea _Ife of

the vehicle, the fol!owin_ conditions were assumed in deeIgning the fundamental

control system:

(a) Directior_l information is to be obtained from sun sensors and

ma_netomelera. These information sources contain no a_ving parts, a basic require-

ment for lonf life. Alternate sensing elements such as horizon scanners, directional

_y.ros, stable tables and star trackers all contain moving parts, while the use of

radar error detectic.,depends on the continuous availability of ground stations

for reference signal genezation.

(b) Damping information is to be obtained from operation on t_e basic

error signals. The long expected life precludes the use of gyros.

(c) The torque source for error correction and maneuver is limited to the

interaction between electromagnets and the earth's magnetic field. P£ss expulsion

systems and reaction wheels both contain undesirable moving parts. The system is to

be evaluated for three phases of operation: settling time for a large initial error

(>30°), normal pointing error under nonmaneuvering conditions and performance _urlng

a maneuver (flip).

0  00852 0 2



3.1.2 C_nerai System Descriptions

3.1.2.1 _ Fli_ S_st_

3.1.2.1.1 Orientation and Error Definitions

Th_ dual flip _/stem is designed to operate in two modes durinL:every

orbit:

(1) Immediately following occultation, the sy._temis to :ause the vehicle

to turn !80° about an axis orthogonal to the syr_metricalax_s; the sysmetrical axis

being defined as the axis Dess_ through the center of the patterns and the center

cf _mavity. Anothez flip maneuver of 18C° _.sto take place whe_ the vehicle is

nearest the _un. Th, maneuvers are desi_ed to cause one s_de of the vehicle to

face the sun during,the solar approach ha_f Of the o_it and the opposite side to
J

'- face the sun-during the recession half of the orbit.

(2) At _l other times tke vehicle symmetrical axis is to be kept pointing

a!on_?the sunline. It is kep_ from spinning about this axis by.means of torques

generated in response to error sigrm!s derived from the difference between pro-

_rammed and measured magnetic field data.

Fi.Fare3.1-1 illustrates the sunline-ecliptic axes (X,Y,Z) and corres-

;_nding body axes (x,y,z). Since the error functions used to derive the coil cur--

rents _ast utilise sun sensor sundmagnetometer si_mls, the def__nitionof the
/

errors must correspond to the information obtainable from these sensors. In general,

the magnetometer informatior will _onsist of axial components of the earth's field,

each probe metering the field along one of the three orthogonal _._Jor&xes. The

sun sensors can be designed to measure the cosine between the sunline and the

symmetrical axis of the sensor, which would correspond to the directional cosine

foz sun sensors mounted along the major axes of the vehicls. Therefore, ar_7

system design must utilize the magnetometer and sunline data thus genereted.

Figure 3.1-2 _Lllustratesthe definition of the s_nline error for the

routine mode, where _ represents the errol angle between the symmetrical x-axis and

the desired pointing direction for this axis, the sunline. The computation of this

1964008526-013
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Figure3.1-i

angle would be con_ax_d would not providea direction in which to apply the

correctiontorque. A functionwhich would supplynearly all the necessaryinforma-

tion is given by the cross productof a unit x-axis vector and the unit sunline

vector expressedin vehicle coordinates. This vector (i x S) has a magnitude

proportionalto sine _ and is in a directionwhich would correspondto the desired

directionof restoringtorque. If the commandedrestoringtorque is made pro-

portionalto the sine of the error an._le,an undamped second-ordersystem will '

result. The additionof the d_.p_g will be discussedin section3.1.2.1o2,

- To prevent spinningabout the symmstricalaxis, which would degrade _lip

performance,the sy_e_ must developan error proportionalto motion about this

axis. Figure3.1-3 illust,vttesthe method chosen for this error signal _ene_tlon.

The field componentsB_y and Brl represen_the magnetic field readingsalong the y

1964008526-014
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Figure 3.1-2

and z axes if the vel_cle is properly aligned, he ar_le 8 between the vector formed

from these components (_r) and the vector (_) formed from magnetometer ,-eadings

in these axes (Bay and Baz) indicates the error about the x-axis. Ln a manne_

similar to the gene_tion of the sunline error, the error about the -_-axlswill be

defined by the cr_s8 product of the B_.and Ba vectors. Since the magnetic field

strength will vary, the stored data must be 8enerated in normalized form (constant

composite m&gnitude) and the result of the cross product divided b_ the magnitude

of the composite vector formed from the magnetometer readings. This will yield a

vector _, which is a function only of the sine of the angle between the vectors

_ and Ba. The utilisation of the error functions derived from the sunline and!

magnetic field data are discussed in section 3.1.2.1.2.

II ' '_1 _l_ I II _lI_
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Figure 3.1-3

It us found duy_ng the study program that the loop gain during the

routine mode could not be raised to a large enough value to permit closed loop

operation during the flip mode. The flip then had to be performed in a manner

which did not permit feedback control of the x-axis position du_in_ the flip

operation. The details are contained in section 3.1.2.1.3.

3.1.2.1.2 Block Diagram-Routine _ode

During the nonm_teuvering _haee of the orbit, the system is to maintain

the e_mmetrical axis of the vehicle pointed along the sunline while _Intainlng

a nonepinning condition. Figure 3.I-A illustrates the system in general form. The

reference mgne_ic field data is stored on board during a pass over a ground station.

A_ each _oir_tin the orbit, the reference data and the magnetometer data are made

to form a cross product which is then nor_i|ed by dividing by the absolut_ value

1964008526-016
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_f the field component in the y-z plane. The resultant signal is E_, a measure of

the error around the sunline. The _ and Ez signals are derived from t_e sun sensors

and are equal to + Ss and - _ respectively, which are the directional cosines u_

tween the sunline and the z and y axes. __T..s_esignals form the sunline error vector

where from section 3.1.2.1.1

and Ey : JSz _; where J and k are unit vectors along the

'

The only ,_ortionof the composite error (IEx + J_ + k El) which can be

corrected is t_tt which is orthogonal to the magnetic field. Since the coll field

vector must itself lie orthogonal to both the magnetic field and the correctable

portion of the e:mror,the coil current is computed as the cross product of the erroz

-- ___
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sicnal and the marnetic field vector in vehicle coordinates. Since the resulting
i

system, with corrective torque proportional to error, i_ unstable, some means had
o

to be introduced to provide a T_igualapproximately p:_portional to E. This was

carried out hy detecthng the signal rate direction.,of the absolute value of each

component (:_x,&- an_ Ez) and attenuating the contribution to _he cross-product by

that component if its absolute value was decreasing. With reference to figure 3.I-A:

= ;:x ; _ner'e ;.. = _ when !._' _ 0
¢

and _ < I when '_I<0:,c

The logic for 2;-'and E' is similar.
: Z

3.Z.2.!.3 Block Diagram - Flip Mode

The flip mode operation was basically desi_ed as an optimum open loop

controller. Since, in the routine pointing mode, the symmetrical axis of the

vehicle is maintained along the sunline, it should only be neceesary to develop

a fixed torque orthogonal to both the magnetic field and the sunline to flip the l

vehicle 180° with no residual rate. This would involve reversing the required

torcue direction in the middle of the flip. Figure 3.1-5 illustrates the sequence

of the desired flip. At step I, the vehicle symmetrical axis is pointing at the

sunline and the rates about the three vehicle axes are assumed to be minimal.

Point "a" represents the intersection of the symmetrical __xi.qwith the vehicle

_urface. A fixed torque orthog0nal to both the B (field) and S (sunline) vectors

is applied (into the paper on figure 3.]-5) and the vehicle accelerates until it

reaches point A, where the torque vector is reversed, so that from point _ to

point 7 thevehicle is decelerating. At point 7 the commanded torque is reduced

to zero.

Figure 3.1-6 illustrabes the mechanization. The reference torque vector,

which is orthogonal to both the ma_etic field and the sunline, is generated by

takinf the cross product of the measured magnetic and sunline coordinates, and

normalized by dividing by the absolute value o[ the resultant vector. The computed

signals _epresent the co.rand-torque components and are used to form the coil

I
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Ficure 3.1-5

currentsby taking the cross-product_ x B. Since the coiA fieldwill th_l be

orthogonalto both _ and B, the actual torque vector produc6dby interactionwitn

the earth,sfield will be colinearwith bhe T vector, since it is formed b_ the

cross productI x B. The toque reversaloperationand the reversionto the

routinepointingmode are carriedout in responseto one bit commandsfrom the
I

data storage element.

3.1.2.2 Vertical Sy_em

The verticall_oriented system is designedto maintainthe vehicle

symmetricalaxis along the velocityve=tor of the orbit. In addition,the vehicle

_,_tionabou_ the velocityvector is mLintainedat a_ average of sero to minimise

,.;_ds,tabilisingeffect of rate buildup about the velocity vector.

I,'*,aCCIFll:rl _-_
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Figure 3.1-6

3.1.2.2.1 Orientation and _rror Definitions

Figure 3.1-7 illustrates the orbit coordinates (X,Y,Z) and the body axes

(x,y,m) as shown for a condition of perfect alignment. For imperfect alignment,

the error signal.-,should, as in the dual flip system, correspond to the direction

in "_hicha restoring tcrque is to be applied. In addition, the error si_mel_ _st

be computed from available sensor information. The development of pointing error

vectors and the spin motion error vector is carried out in a fashion similar to

the error computations for the dual flip routine pointing mode. The error generation

£or the vertical configuration is shown on figures 3.1-8 and 3.1-9. The major

difference is in.the ,Aseof the velocity direction unit vector (_) in place of the

sunline and the employment of the vertical direction unit vector (g) in place of

the difference between two ma_nstic field vectors.

1964008526-020
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Figure 3.1-7

The major difference between the dual flip and vertical configurations

lies in the availability of signals wh:ch could be readily processed to yield

th_ erroz_ with respect to the external coordinate system. Since the suz_lineanS

magnetic field vectors will not, in the general case, lie along any of the orbit

axes, it becomes necessary to compute the direction cosines between the orbit axis

and the vehicle axes for the vertical system. The computation must be carried out

utilisinp four sources of information:

(i) The predicted magnetic field vector for each point in the orbit,

expressed in orbital coordinates. ,,

(2) The predicted sunline vector for each point in the orbit, expressed

in orbital coordinates.

,, '", "',"',_ _-:MI.
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Figure 3.1-8

(3) The magnetic l'ieldvector, ex_reesed _n vehicle coordinates, from

magnetometer readings.

(&) The sunline vector, p_pressed in vehicle coordinates, from sun sensor

readings.

The cross product definitions of errors shown on figures 3.1-8 and 3.1-9 co_nbe

expressed as direction cosines, which is _uivalent to e_pressing them as elem_nts

of the transformation matrix relating orbital to vehicle coordinates. The problem

then becomes one of computing L:_ matrix elements in terms of the four available

parameters, two of which are stored in a meNory on board the vehicle.

The first step is to form the cross product 'B x S = _ '_Aichyields two

vectors, one in each coordinate system, which can be used in addition to the four

1964008526-022
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Figure 3.1-9

others to provide the solution for the matrix elements. There will then be nine

equations with nine unkno_is:

= a_ Lx + a12 _ + a13 Lz

Bx = all BX + al2 By + al3 Bz

Sx = all Sx + al2 Sy + al3 Sz

= + L/ + L,.,Ly a21 L a22 a23

By = aZl BX + a22 By + a23 BZ

Sy - a_l SX + a22 Sy + a23 SZ

Lz = a31 LX + a32 Ly + a33 LZ

B| = a31 BX + a32 By + a33 BZ

St = a31 SX + a32 S_ + a33 oSZ

UNCLASSIFIED 3-i_
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Four of the matrix elements are required to generate the error components Ex, 2'

Ez. These elements are: all , a21, a23 and el3. The first three equations can be

used to solve for all nd a31 while the second three equations will yield solutions

for a21 and a23. _

The solutions for the equations are:

alI= L_% Sz- h _) -_ % Sz-Lzsy)+s(_ Bz-_'zBY)

ILI2

a_-_= b(_ Sz-_zsy)-%.% sz-Lz%) -,_sy(I__z-LZ_)
!LI2

an = %JBx9 --%"sx)-B_(Lx 9 -_ Sx)+ SxO\_B_-_ Bx)
2

IL!

,_2)--½ (Bxs_z- B_S_)- B:,(LxS_-_ sx)+ %(LxB_-_ Rx)

which will then be uaed to solve for E:

Ex = -a21

_ = + all

E = .+a2_,._

The analog computer study program utilizes the matrix elements directly

to reduce complexity, since the computations involved are straightforward.

3.1.2.2.2 Block Diazram

Figure 3.1-10 ilhTstrates the block diagram of the vertJcal system.

The reference data for the magnetic field and sunllne is stored in the data storage

un_ during a pass over the g:_und station. This reference data is continually

mad_ available in analog form as the orbit angle progressee, and {s used in con-

junction with the magnetometer and sun sensor information to provide a solution

to the matrix element equations described in section 3.1.2.2.1. When the error

components are computed, the system (damping circuits, B x _ current computation)

becomes the same as the routine mode of the dual flip system, described in section

1964008526-024



Figure 3.1-10

3.1.2.1.2.

When it becomes necessary to reverse the direction of the symmetrical axis

alon,Tthe velocity vector, the reference coordinates of the magnetic field and

sunline are changed %o correspond to a constant angular velocity of the r_ference

(orbit) coordinates about the vertical Z axis. At the end of this maneuver,

the X axis points in the direction the vehicle has come from. At all times the

vehicle remains under closed loop control,

3,1.2,3 Sun Orientation Comparison

Figure 3.1-11 gives direct radiation force va orbit angl? for the two

systems. This force was multiplied by the sine of the orbit angle and integrated

over the orbit to obtain the net force due to direct radiation for each system.

,,"-,"
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Figure 3.1-11 Direct Z Force vs Orbi_ Ang.'.e t'or Two Systems

__.is was done g.rap_ically - multiplying each value of F z by sine _ sum meamarlng

the area under the resultantfunctionwith a planometer- and armlytically-

approximatingvarLafionsin Fs with s_nusoidsand integratin£,between the proper

limits. The re:_£Lts of this study were found to be .O&A #-deg per. orbit for the

vertical_dstemand 0.036 #-deg per orbit for the dual flip system.

This study was done for direct solar force only since the forces due to

reradiation,albedo, and earth are not known at this time for a &_o inclined

orbit tc the ecliptic.

3._._.& Comulexit_Comparison

Utilisingthe diagramsof the detailedsystembl6cks, figures3.1-12,13,.....

l& and 15, the total system co_plexitiesof both ti:_dual flip and vertical

/
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Fi$ure 3.1-12 Detailed Block Diagram, Vertical System

configurat_ons were estimated.

Each of the system blocks w_s broken down into a probable number of

equ_mlent electronic blocks, components, or comparable number of bits to be stored

or converted:

Flip Vertical

Multipliers (&)_ 5A 123

Da_,p_ cir. (16) &s

Square and Square Root (i) _ 3 7

Division (3) 3 6

Power -Amplifiers_(9) 27 27

Summing Amplifier (I) 6 16
IAI 22?

Data Sto_age 72,000 bits 189,000 b_ts

_Numbers in parentheses are equivalent _lmctional elsctronic blocks or components
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Figure 3.1-13 Detailed Block Diagram,_ Dual Flip System

Since single or even multiple failures in the data storage elements will probably

not result x_ catastrophio failure, and since the same type receiver, decoder, power

supply and clock could be used for_either syStem, the complexity of the _er_ical

system r_lativ_ to that of the dual _llp system will not be much in excess of that

for the analog stages (a 1_act_rof 1.61) which _ould make it in the order of 1.75.

- 3.1;2.-5 Gain Definlt2on

Xn subsequent mect!ons w_Ich describe the performance results, one of

_he _ete_ i8 gain. For cenvep_ence in ar_eis, two deflnltione were u_ed,

on_ for the dual A'lip-system where it _| necesi_y to relate closed loop

_erformanCe to-l'l:Lpo_eration capability, the other for the vertical _em whore

a _ore general gain definition is desire_. A consta)_ relates the two gains.
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Figure q.l-l&

Dual Flip Gain Definition - See figure 3.1-16

Vertical System Gain-Definition - The output torque generated per unit

field strength orthogonal to the coil axis, divided by the axial component of the

error w%ich is normal to the field.

In addition to the pmrameter gain, a gain ratio paraueter is also used. This is

defined as the ratio of the gain when the absolute v_.iueof the error is decreasing

to the gain when the absolute error is increasing.

3.1.3 Routine Mode _rformance Comparison
J

In sections 3.1.3, A _ud 5; the results of an analog computer simulation

of vehicle _erfor_,mnceaz_ detailed. ,Cection3.1.3 is concerned with routine

(nonmaneuver) _erformance of the two _ystems. All run_ were made at 1500 statute

miles altitude, 30° inclination, _ith a u_zlformdistributed spherical _ehicle

UNCLASSIFIED _--3.9, "

1964008526-029



i

°.

•. i_ "

Q.

Figure 3.1-15

having a _o_e_t of-inexCia abo_tteach of the three axes of _.5 x 16 5 alug_ft.2.

3.1.3.1 Peak Error

The co_pl_¢ nonlinearities of the t_o systems preclude an analytic

solution for performance evaluation. For this reason, it was nece_,saryto make

long coa_uter runs to determine the peak and average values of parameters such as

errors, torque and current. __ -

The relative position of the vehicle l_ric_Li axis with respect to the

required pointing direction foz_ed the aeasure of error used in evaluating performance.

Since three_ directional coalnes can relate the position of a line (Sy_uetrical axis)

with respect to an external coordinate _te_, they were recorded on all runs and

al_o used to compute _he sine of the a_,gular error. The peak arc-sine was then

calculated and tabulated ae a function of sy_te_ parameter variation.
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FIELD V_CTOR.
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\

Figure 3.1-16

3.1.3.1.1 Dua/ Flip _stem

The dual flip system routine po_t_g mode was evaluated us_,g no

maneuvers. It therefore corresponded to a am-pointing vehicle. This was done to

est3b]-Isha relative performance criteria for comparing it with the vertical system

and _o eb_.ablishoptimum loop parameters prior to attempting a flip operation.

Figure 3.l-l? (solid line) illustrates the performance with no disturbance torqu_

and a fixsd gained ratio. With a minimum pe&k error of 3 degrees, it has a better

optimum _rfor, mnce than the vertical system (cOmparable curve shown by dotted lines)

but the sharper slo_s for other than optimum gain makes the systam much more gain

sensitive.

jl
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3.1.3.1.2 Vgrtical System

As noted above, the vertical system has hicher errors for optimum Fain

settings. This results from the ?eneration of iner_,ialreference torques to

correct errors which are functions of a moving (orbital) coordinate system.

Figure 3.1-18 illustrates vertical syst_._performance for a fand_lyof disturbance

torques. For purposes of analysis, it was assumed that the principal d_sturbance

torque would result from dissimilar surface coatings on the two sides of the

vehicle and would generate a torque whose vector wculd be orthogonal to both the

sun!ine and the symmetrical axis and whose magnitude would be proportional to the

sine of the angle between the sunline and s_metrical axis. It can therefore be

expressed conveniently as a cross-product and, conseq_Aently,readily mechanized.

The disturbance torque is rated in ten_s of its peak value which would occur with

3-22
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Figure 3.1-18 Peak Error vs Cain, 7ertical System, Routine Node

the sunline normal to the s_etrical axis. The curves of figure 3.1-18 indicate

a substantial rise in peak srror as the disturbance torque rises. The character

of the curves indicates 'chatthe optimum gain varies as a function of disturbance

torque and lies off the scale for some _° the disturbance val.uesused. Figure

3.1-19 shows a brush _-ecordof a sample rln.

3.1.3.2 Settlin_ TiuLe

This is defined as the number of orbits required to stabilize from an

initial &5° error to the point where the error is eq:ml to its maximum subsequent

value.

3.1.3.2.1 Dual Fli_ System

Fi_'t','e - 3.1-20 illustratea the _riaticn in settling tim_ as a function

of gain, both fo:.'a case of zero disturbance torque and disturbance torque equal

UNCLASSIFIED 3.-_.3
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Figure 3.1-19 Typical Computer Run, Vertical System

to 0.OO5 lb,-ft. The resttltsof similar runs with the vertical system are also

shown. A comparison with figure 3.1-17 _ould indicate that t,h,_point of mini_am

error does not quite correspond to the point of m_mun settling t_ne but since

the difference is not _eNj great (_aln = O.l_ for ¢mln vs gain = O.15 for Ts_min)

it would be easy to specify a compromise gain, The presence of the disturbance

torque increases the settli_Agtime but has very little effect on the optimum gain

point.

Figure 3.1-21 illustrates the variation in settl_ng time as the gain ratio

is chan_;ed. The increase in gai_ ratio has a destabilizing effect which results in

longer _ettling times but does net tend to shiz% the optimum gain point.

I
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Fifure 3.1-20

3.1.3.2°2 Vertical System,

A comparison of fiE_ares3.1-22 and 3.1-17 indicates a difference between

optimuF._ain for :rXni_._u_,,error (Eain = %) and optL.u,,nEain for minim_n settling.

time (_ain = 5.7), both cases for z,_rodisturbance torque. Since the resultant

difference is not substantial, and since figure 3.1-22 indicates a shift toward a

lower optimu_,i;mi_ for settlinE as the disturbance is increased, the cor,,Tro,_;isegain

will probably lie in the re_ion of _ lb/ft per gauss/radian-_auss.

The variation of settlln_-,time as a function of disturbance torque would

indicate that the larger normal pointin2 errors associated with increased disturbance

torques [,er_t ar_apparent dec_'easein the settlin_Ttingewith in,;reaseddisturbance

torque. A_ the disturbance torque is increased past O.O;.K)Ib-ft, however, the effect

of the low initial slope associated with a zore li_'htlydar,_l_d_ysten,will hecor.e

UNCLASSIFIED 3-25
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Figure3.1-21 Settlin_Time vs Cain, Dual Flip System, RoutineMode

more eff_ctive. This is shownby the rise in the settlingtime with TD = 0.0_0 Ib-ft.

The differenceein the optim_ gainswill probablyhe causedby the same effect which

i producedthe variationin opti/ma,,,gain point for minimum error; a zodulationeffect

inducedby the approximatelys_m,us:_idalvariationin disturbancetorque acting on

the vehicle,

Figure 3.1-23 indicatesthe variationof settlingtime as a functionof

_ain ratio. The optizzam['a_uratio would ap[:earto be in the region of O.1,

although the variationis not very proaounced. At lower tha_nthis ratio, the

individualerror components(Ex_ _ and Ez) are not correctedrapidl_ enough due to

too low a gain snd the compositeerror (approxh_mtely= _|,x2 + ) remainsat a

high level. At higher ratiosthe effectivephase margin,introducedby the

variationin gain, is substantiallyreducedand results in longer settlingtimes.

IIN_,LA_IF|ED 3-26 I
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3.1.4 Flip _:odoPerfo:_J_mce6emparisoq

3.l.4.1 Dual Flip )'ode

l_e dual flip operation was set u_ on the analo_ computar but at no Line

could it be made to _aintaJ_nany semblance of s',_nline>ointing during the flip

' _hao the dual fl:r-_yst_m ispointini:mode of the orbit. It is therefore con,'..,_d + _

not feasible.

An ex_rd_nationof fixate 3.1-24 shows that even for a low Fain ratio, it

'_,ia.snot possible tc raise t;,eloop ,_ainbeyond 0.24 duenna"c?osed loop opera,io:,.

Since this x,:e_ that a 90- erro: (yJela.:nmximur,E signal) would only result in

2A% of the '..._querequired to accomp_lishthe flip in the specified ti_,le,it is

im_essible to,accomplish the flip with a closed loop control system. Th:'sresult

dictated the attempt at using the open loop system described in section 3.1.2.1,3.

UNCLASSIFIED 3-27
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Figure 3.1-23 Settling Time vs Gain, Vertical System Various Gain Ratios

The open loop system, as described in section 3.1.2.1.3, depends on

developin_ a torque vector ortho_onal to both the sunline and ma[,netic field. Since

the ma_letic field changes direction rather sharply during the 90° of orbit anEle

that the flip is to be accomplished in, the result will be that the nose of the

vehicle will trace out an an_le "_hose i:_togral ien_th is 180 ° but which yields

a Ereat circle displacement of less thai, 180 °. The error effect during the reverse
i

flip which immediately follows the first flip wi]/ tend to be cumulative, develop-

inca large error to be eliminated in the remainder" of the orbit. Since it takes

several orbits to settle out from any error, the net effect will be to produce

larEe amplitude random motion in the vehicle due to the two required flips per

orbit.
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3.1.A.2 Ve__rt_ica!Systen,

For the vertical system,tLe __ii_:operation is carriedcut over ma,_v

orbits,wh.ic],T_,_w_ltscontinuousclosedloop control. In evaluatinFthe sp-stem,

two few imrametersnust be introduced:flip time referenceand fliF tlne. The

flip time referenceis the nu,'_.herof orbits requiredto swinFthe pointingrefer-

ence (X axis) around at a constant rate through 180°. _e flip tim,e is defined

as the nu__heroI"orbit_ from initiationof flip operation_',tilthe time that the

angle between the syzzet,-icalaxis and the velocityvector falls, witho_t re-

ez_erFinF,to the maximum level which it reachesduring the subsequentroutine

p_intin_mode,

UNCLASSlFIE0 _-29
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FiEure 3.1-26 illustrates the ability of the w'stem to r.aintain its

ver_.ical Fointin._ reference durin,- the flip operation. The curves dc not indicate

an7 _-reatchange "Lnperformancedurin_ a flip operationas a functionof TD. :_ne

minirAzinf cf errors for Eains between 5 and 6 are consistent with results using

other Ferfcrman=e criteria.

3-i.5 Torque Cor._al_[son

3.1.5.1 _orr_,td. ]-:ode

Since the _eak torque for flip operation (1.36 _-_) ,_!_. he a_;lied to

the vehicle over a 180 ° orbit angle, the average t,_que will be at least O.68 ih-ft

for the dual flip _ystem. The measurement of the lower level routine pcintin_ mode

torques will then mean little for the dual flip _jstem.
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The vertical systam, however, always develops peak torques of a much

lower ar4plitude. The routine pointing torques then become meaningful, since

the higher flip mode torques only occur occasiolm//_ and the average level is

much lower. This is indicative of a _._ lower power drain.

Figures 3.1-27,28 a::ad29 illustrate the variation ol p_ak torque with

fain.for the three axes of the vehicle when controlled by the vertical system. The.

_riations indicate the ge,leraltrend of higher magnetic torques for greater

dis_urbance torques, which is expected. _ne geueral shape of the expected cuz-_e

would be a positive slope starting from the orig:.n (no current commanded for

zero cain), followed by _ decrease in the vicinity of optimum fain, and finally

a steep ascent due to increassd error amplitude and tcrque per unit error inorease

as the _ain becomes l:igherthan opti_lm. The presence of curves with either

_-aximaor m__ulmapoints is indicative of the wide range of distttrbancetorque

sensitive optimum gait.points. The range of _ chosen was based on the TD = O

case.

3•i.5.2 _lip 1"ode

For the dual _lip system, the peak torque is present during the entire

_lip opera_ion, althouFh the torque on any one coil will neve_ exceed this peak

v_ue a,ud"#illaverage less,

The vertical system performance is given on figures 3.1-30,31 & 32 for

the three vehicle axes. The results are shown for two levels of disturbance

torque and two flip time references. The results are consistent with runs for

the routine pointing mode at s_milar disturbauce levels. It is quite apparent that

the optimum fain lies at a higher value for TD _ 0 than for the TD = O case. For

pains greater than 5, the decrease in torque reflects the lower level of reference

following error as the gain approaches an optimu_ for the TD levels shown. The

lower torque rates for higher flip time r_ference (FTR) is indicative of the

shallower .rositionramp which the sys,netricalaxis must follow as the time to make

the flip increases.

!
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3.1.5.3 N_netic Torquer Req,_rements

9he magnel;_ctorquers for the dual flip systemmust be _.apableof

generating. `�€l_ip torque under conditionsof m_nimum field magnitude,which

dictatesa requirer_entfor a to:-quercapableof 6 lh-f_ per gauss for each of the

three torquers.

The peak torques generatedby the vertical systemare much lower, which

is reflectedin the lower peak coil excitation(toffee1gauss) requiredin the

torquers. _hevariation in peak torque per gauss requiredduring a typical flip

operation (_rR = 18.g orbits) is shown in figures3.1-33, 3A & 35. Since the gain

will be set in the range of A to _.5 to minlmise settlinctime and peak routine

error,the torquer sime will be the largest of the v_lues read from three axial

curves shown at a gain of A.5. This would dictate (fromthe x-axis coil curve)
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Figure 3.1-31 y - Axis Peak Torque, Vertical System, Flip Yode
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a torquer size of 0.25 lh-ft':-auss.

3.1.6 Power Drain Com_ariscn

_ 3.1.6.1 t_rmal }_de

."T.edual flip _2stem operate_ with the full torque on 50% of the time.

The avera[e power 0ould thus he closely _o-t!__atedusin_ the average power tak.en

durdnu the flip mode only, Co_hntint the power used by the electronics, the total
f

- averaFe drain for routine operation will be 250 17.

+ The vertical system power drain is a function Of coil demi,_._,w._._chcar.be

d_timised for the lower level torques £enerated by t_s system. It is estlmate_

!
that the average power taken durinF rourlne operation will be 54.c/.[.

3.1.6.2 Flip Mode -. i?

• _. The peak power drain for the dual flip system will occur if all three

coils are used at some point in the flip to develop the req'Airedtorque, At this _ •

t_me the most inefficient point of operation would occuc and the pcwer drain would
c

be approxizmtely 70% hlgh_erthan if the torque was generated us_ a single coil. !I

With the averace power during a .cLip_taken as _00 ,'4the peak (worst case) will

approach 700 T:l.

The vertical w,stem,will i_quire 0nly a minor increase in power for

average flip med_ drain compared to the routine mode d_ain, the difference being t]

56.0 (including electronics) vs 5&.91"A The peak power drain will be 66.0 watts.
j _

Figures 3.1-36 an_ 37 indicate the relative _ and average power drawn by the [!

coils alone as a lunch.ionof flip time reference. The longer th&-_ilp _i_ne is ,u

[!extended, the lower the power taken by the coils. This result is consistent with

the results of previous runs which show peak torque and current drain as a f|
U_- function of the same vat,fable.

3,1.7 S_ry "' I':

I_,_.results of _,hepoint-by-point compsribbon-aresh¢,_ on figure 3.1-38.

The _stem with the advantage on a_ _rticuiar _int is outlined in a heavy shade [

of black. It is quite obvious that the u_-feasibilltyof the flip o_-_ti0n twice

in each orbit rrec_udes the use of_the dual flip system. The lower power drain |'

!
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CONTROL SYSTEM

-- __ ._

ITEM OF ,_ :. ;
COMPARISON IL_UALFLIP SYSTEM , VERTICAL SYST.EI-I__,

• -- r | -- F " "l i i :

OR IENTP.TiON .036 LB-DEG __- 0.044 LB-DEG

RELATIVE k ,:...... ...c_J.-__..I ..... --

1 'COMPLEXITY _ _ _ ] , ,_A--__ 1-3/4 i
ROUTINE MODE --
PEAK ERROR *3 DEGREES _ _9 DEGREES

SETTLING TIME 2 12 ORBITS ]- i 9-1/2 - 12 ORBITS
..... . .... ]11

P ERFORMA_::-_'._,_ , POT FEASIBLE . FEAS !BL

ON STR.U_GTURL__..L,_60 FT-LB . ...._ ...........

I-iAGNETIC 1 J

,I "li_.
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; .REQUIREMENT- i ........ . .

: RELATIVE SYSTEm! _ |._
' °OWER _RAIN - , 6 _ ..... ].... ._-:

• WlTH£UT FLIP OPSRA "rlON

-Figure3.1-38 Comparison_amm,ary for the Two _ste_:s

- and s_aliqrtorquer size requiredby th_ verticalsystem tend to offset the

5ncreasedcomplexity. The apparenta-,vantagein accuracy of +l_edual _xip system ..

is offset hy the fact that the data is representativeof tans with no /-lipsper-
L

formed. Even i__ _,systemwere desiEned _o offset the effects of the varjing field,

there would _e residualrates resultingfrom.,total sy,_temi_,,erfe:tionsamcunt_E

to or&y 2% full output which couldyield body rates in excess of those developed

fn stabili-.in£fro_..a _,5° initial error (approximately12 dec/hr).

/

IINC.La_$11:I|D } .-._5
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;.2 rc',:er .:u.--r.]': vr.,:" ".rm:er We" .* ;

3.2,1 Dual _lip Sys,t.em

The du_l flip SYStem.is sun oriented, and therefore requires an _rray

of .=olarcells capable of developing satellite power on two oppgsite sides of the

sphere. The total area of sol_r cell array is determined from a consideration of

satellite orientation, time spent in eclipse, power loss dur:ng flip, _nd total

power required per orbit. The degradation of solar cell output due to artificial

and Van Allen belt radiation nust also be considered. It is anticlp_ted t:,atat

an altitude of 500 niles and inclination of 60°_ the use of blue shifted N or P

solar ceils with a iO rails:n'.thetlcquartz cover slide "_illprove adeauqte for

5-IC year "_._'°.To _nsure completion of the missions a 25% ove,"-capacltywill be

designed into the solar panels.

For purposes of control system comparison, a 200 foot diameter satellite

operating at an altitude of 15OO miles, with an _rbit resLlting in a maximum period

of darkness per orbit is considerered. With an attainable solar cell output of iO

watts per square foot of projected area, an array of 79 ft2 is .-equired_er hemis-

phere or a total of 15_ ft2 at a weight of I Ib./ft2.

A battery capacity equal to 5_ of the flip power plus the total non-

flip power during eclipse w[_l be adequate for this mission. Available silver oxide-

ca,_uium batteries can be discharged to a depth of 5<_ and recharged with h_gh re-

li&bility ov_r a large number of cycles. Providing a redundancy of t-_o,the weight

of batteries for this system is 32 poulds. The inclusion of a ? pound battery

charging circuit brings the total power supply weight to I,_ pounds.

The torque coil design is determined by optimizing for minimum weight the

combination of torque coil and torque coil power supply. Consider that a qiven cur-

rent is required for torquing the satellite. If a coil of cross-sectional area AI

is used, the power supply requirements and therefore power supply weight are deter-

mined. If the cross-sectional coil area changes to A2, where A2 < AI, the coil

Weight decreases. However, the power required and power supply weights increase.

i _. '_'_ I
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The design polnt, as previously stated, is that coil ,tea which results in uinimum

total weidht o£ coil-pow_r SuDn]4T combination. ["or the system being, described, torque

coil weights of 57 pounis per coil are requi_ed _iving a total torquer w_i_ht of 171

pounds.

3.2.2 Vertical!_- C_iented Systet_,

Since the vertical system is earth oriented, the s_tellite-sun line relation-

ship is not constant as was the case fo_ the dual flip system. A stu_/ of this relation-

ship indicates that provision must be made for suppl:ring power at any arbitrary balloon

orientation. The optimum distribution of scl_r cells for an arbitrary balloon orien-

ratio- _s been determined to be six solar cell areas located at the ends of t,hree

mutually perpendicular diameters. The rini_m projected area for such _n a,_ray is

equal to o167 of the total area 2 with a maximum proJscted area of .21 of the total

area. The variation of power from _ximum to nini._.2_,value3 is therefore only 21_.

For the vertical_v oriented 8[:s%_m, having the po,;er require-_ents previously described;

this will result in a total solar cell area of 5b ft2, weighing 56 _onnds. The battery

requirements for this system, considering operation durlnE orbital eclipse and peak

torquin_ loads above solar cell capability, _mo,xn_ _oh puu_%ds i_ci._ding a redundant

battery. The battery charging circuit raises the total power supply weight to 62

pounds.

The denizen of torque coils for the ver_ically oriented s_tem is based _n

the same prinviple of opti,nizat_on employed in the calculation of dual £1ip coils.

_here is, however, a slight difference due to the fact that the three vertical system

coils are of varying weiqhts. The total weight of torque coil required for this

system is i0 pounds.

_-&7
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3.3 Forces and Torques

3.3.I Torques

Correct orientation of the s_tellite in space s accomplished by the use

of torques provided by the interaction of activated coLIs with the _arth's msg:_etic

field. These torques may be calculat_d from the equ_.ion _ = NIABt where T = torque,

N = n::mberof coils, I - current, A = enclosed _rea=,_nd Bt = ma_Kneticflux density.

For a given orbit altitude, balloon diameter, and requ_ed torque, a v_3J1efor the

product NI, ampere-turns, may be obtained. The _esk torque requirements for a 200

foot diameter satellite, in a 15OO mile orbit, _ave been calculated to be 1.36 lb.-

ft. for the dual flip _Jstem and .O_5 lb.-ft, for t_. vertically oriented system.

3.3.2 Forces

In addition to the desired torque forces described above, the activation

of certain coils produces various undesired forces which m::stbe carried by the sat-

ellite structure. These forces i_c!ude hoop tensile forces, hoop compression, axial

skin forces d,_eto coil intecaction, and scissors forces between perpendic,_laror

crossed coils. A_ investigation of these forces indicates that the compressive or

collapsing force is t_e only one of sufficient magnitude to be considered in the

str,ctural design of the _llite. This force is _iven by the equation t • IBtR,

where t = hoop comp_3ssive stress, I • current, St = magnetic _ix density, and R =

satel!it_ radi,zs.

The _a_mitcde of the compressive load per coil can be controlled during

detail design by varying the n,imberof conductors in parallel carrying a given total

current. The nu_er of ampere turns is Jndlsative of the total compressive loading.

For the dual flip _v:_t__m,the total compressive load has been calculated to be 3C x

10-8 pounds per inch while the vert%cal system load is 2.3 x 10-8 po_mds per inch.
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3.h Structural ':eight

3.L.I _.finition of the _roui_,_

The structural design _nal_'sis of a d_mam[cq!ly contro\i_ ;, cho-tvpe,

spherical s_.telllte is primarily concerned--i_h the stlbilit:-of _n _it--.-th'n-

walled vessel of l_r_e diameter subjected to l:;_ds which are both nor lal to and

tangential to the su,rfsce and which are both distributed _nd [cc_iizq" in nature.

A rather extensive literatu._e search in the field o _ shell ....._:on_ fqile4 to

?#ield any results _fnich were consi4ered to be even re'1otelv a: ?l-'.c_:i,;. _he r_.n_e

of s_here di3-neter to wall thickness r_tios consider g,4_n t_]e i_-_r_ "e ";as nsnv

orders of magnitude lower than the c_:se considered here; the tv_ n{ l'.adinz _ras

not nearly as ceneralized as is requited hare; and in _ddition, a!! of the analyses

made the tacit assumption that initial m_rface irre_11_rities were not l_r_e con-

pared to the 3kln OF wall thickness. This is a prinqry consideration hen _;_cklSn_

type loads "_re enco,mte.red.
L

3.h.2 Hethod of Analysis

In the absence of any suitable previous analyses, it ::_s _no__:_=_, _rnroF-.

i'%ate to analyze the balloon as if it wore nade up of nnny sections of _ rved beams.

?he lo_ding applied to the bea_s comprises the force applied by t_rc'in< ._ils to in-

part rotational acceleratior and the inertial loads applied h.V _he v_rious [ieces of

_qulpment and the structu_'e itsell in response to the acceie'r_tion. ?he l_r:it of

functional suitability is determ[nec b_l the maximum _l__o,,_b_.e_e£1ec'ion of the ssruc-

ture which will not de_rade the reflec ed co_mun_aation sinl;_i_ b_.-one, _ t-lgrable

level. This was taken _s a ten per cent chance in the l_r_e scale r_'i'_ o:" cqrvature.

The curved bean equations were dew._loped _ssuminc semS-c_rc l_r beans boring

pinned ends. The torque coil forces are applied at the ends of the b.;v_ so that the

entire buam will tend to rotate about the center of the ceni-circle 'i.e. the center

of the balloon) as indicated by Ficn_re 3.;,.I.The inertia forces o_ concent:'_ted lo_ds

are aDpl_ed tangentially at the mid-poin _,of the arc, an_ inertia Io_ _s d':e to the beam

structure are applie_ tangentially and distributed uniformly _lon_. the beam. ?his
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I AND EQUAT ONS
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I
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Figure 3._-i Curved Beam Loading and Equations

force nd ]o_ distribution correlates well with three orthogonal major diameters of

a sphere where _b .,jor diameter incorporates a torque _co__ and electronic equipment

is located at each intersection of the coils. Bending moment equations wore developed

f:_omthis distribution of loads, and deflentions were dorived as general expressions

by strain energy methods. In order to simplify the equations, it was assumed that

the maximum radial deflection was equal to the tangential deflection at the center

of the _rc. Thio was found from geometry to be nearly true and thus Justified the

assumption,

Preliminary work _ulckly made two things apparent: (a) treating the

curved beam as an isolated piece of structure led to results which were far too con-

servative, and (b) the section moment of inertia required to limit the deflc_tion

was many orders of magnitude larger than that atta_able with a t,blnmembrane skin alone.
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This led to the concel,t of ortho:{on_l s-_.tsof str'_ct,;r_l ,;+n};+:rs_tt_,';_,_.e_ +,c the

" c.... Jnc"qased th. _ se_+.4, on inert, i_ _ninner surface of the b,_!ioon skin. .h....he%hers

the direction of %he curved bean _nd _l_o Frovided -_ddti_n_! ;_1+'rort_,',"_e_ns of

" the orthoi°onal hoop ner,lbers_.fnichres_ s_ ,de._lect_.onof the Lean° ?his -_d_iti_n_l

support was integrated into the str._:.n=n_r,_;_.+ .,. equation._ -_nd t_,,...._s _l+.s_.re s,.own i.n

the eq':ation shown on ._._,ire3.h.l. .n,s eql;_t_on be_.o_.s t'n_ _-_ _e r_-_'_ tool.

rhe exact _eo:!et_{ of the or_ho,'onal str:mt_.r ii -emL, rs can t,_ke _any for_s

and _!i _e disc':_sed !_ter ir. this re_.ort. ]'or F..........,._-.._.... of _urtner _:,,_.._+._+-__......_ and

zom_Jrison it h_s been ass{Jved that s'la!l dia,+ieber *_,,_"_ far -lomb..........._.-;!ll_-_.+used, Tt

:i:+._also been ._s_u_ned that n_terial of the Zcho iq t;,'F-)_/_Ii ;e ....o _<.

_everai curves havre been created fro.n the des;on. _'lat_rm_++ _.... :_n:_,<_<_..+.s own

_n Fi_sre_ 3.Ii,2 an4 J.hoS. These cur_s indicate the section _o']ent of _rertLa

• t.,+ dot!enrich for or less arbJt-which is _+_.l.ed"_ in order to adequqtelv li._,it _ .....+ .,.

_:_r_]v chosen distributed sn,a concen++a_._d Ioa_s 9o_ +'._-ieusrot._t"on_i _cceler_t _ons.

"+,_ '_+_" ,,,,," load, _ 4es!=n sectionSince tPe +..q.h..ed section inert_ ,:aries !inea_!v +i:,_ +_"

inertia ca_ "_efound b_! _ro_ortioninc the desicn !o".:Jn< +_ +,he _rti_rv ].ca@inn of

the c+_rves. Tt is to be noted that the section ine;_tia req':i-',dis _ m.n,'t=on of +,he

third and fourth +.,o.4_....of the balloon r_dius ::,r conce':Lr_'ed _.n_[-_strlb,._u+_.i_ds

.es._._C.lV_l . _is is an indica+_Jon of the _enaILv to '_e :'aid Cot" ~_r . dia _.t_.r

b_lloons.

The _ctual inertial loads applied to tqe b_l\_on struc+:tre _re _ :"no+,_on

of the anm_lar accelerations and _asses of the ba/lron structu'e, the tccqlinr co_is_

the power su[;ply, qnd the electro_ies. The e!ectr_nics m_ss 4:; rein:_'.,el_,constant

_nd in addition reF.resents a rel_tJvely s:nall fraction of t_,_.toter ,.;eJ..'_t;in the

order _f two or three percent fo]' even the snaLler b,Bl_Dons. 7L,_size _.qq n_ss of

the torquing coils and power supply is a function'of th _ _n_"lar aceel_.r'ntisn re-

quired, the balloon diameter, snd the balloon mass. The n_ss of the b_l!oon is a

function of the struct,tre which in turn is _ f,mction o£ the loads te be m_rported.

These rel_tionships have been reduced te equation form _nd solved in ter-ns of re]-

+. at,ire weight with the aid of the _ssumption that the coils _nd pow,:r supply
,%
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AREA MOMEI'ITOF INERTIA (ZA) PER FOOT OF WIDTH VS. BA[,.I,.O_)NI_,AMETER
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Figure 3._-2 Required Section Tnertia for Concentrated Loads

represent distributed loads. This assumption is correct for the coils and seems

reasonably true for the power supply because most of the power supply mass is con-

tributed by the solar cell array which is f-_rly spread out. The results of this

analysis are presented by Figure 3.4.4, which indicates the calculated balloon weight

_ t_rms of an equivalent diameter Echo II balloon weight as a function of rotational

acceleration and balloon diameter. The rapid increase of weight with diameter is

again evident.

The dual flip system requires angular accelerations between 1.25 and 5.5

radians per second squared for orbit altitudes ranging from 3500 to 500 miles. It

can be seen that large diameter and low altitude balloons are structurally prohibitive,

and low altitude medium size balloons are marginal for this system.
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Figure 3.4-3 Required Section Inertia for Distributed Loads

3.h.3 Results

The earth oriented system has angular accelerations which are not intimately

tied in with orbit altitude and can therefore be much less than the dual flip system.

Example accelerations are indicated by the lower curves of ?igure 3.h,h. It is to be

noted that the weight to be expected is generally less than tw/ce Scho weight for

equivalent diameters, Slightly lower accelerations can keep G_e expected weight less

than 1.5 times Echo II.

",--53
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Figure 3.&-4 Balloon Weight
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This section discusses feasiLility ite::s_._hig::re corrc:,tc _,_ :a_sive

co_:_ni_aticr,satellite regardless of the exact cri_ztaticu :c::_rcl c "ster,wl,if:

Js eIGloyed, _ese J.t_,sare rainlz _cncerne_ '._* ,..e_ =x_._,¢_ _,,__=*c_:-_.._._.

s,ste: tc _rcvi-_eand rake u_e cf _*_=_=..+=_.__solar ?cr_s an: tc _'rc,;i"_,__.ar/--

_._rew,,_.::;,_!I relia_-lysu_._v_,t!'.es._ce en':ironmeu_ .

7ze topics which a_-ediscussed are lis_ed below:

(a) S_lar forces

(k) I'aterJ_lsand stn_ctural concepts

(c) Surface finishes

(d) Ther_zl feasibility

(e) F_uipme_;tlocation and Fackapin_

(f) Padiation and ne+.ecrite shleld!nT

g) Reliability

(h) Orbital computations

A-l

oo '_1 qtlII' Cli:I'I
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k_1

&.l SO,TIRFORC_ ANO TOR,_

There ar_ four sources of radiation which cause forces and torques on 5he

vehicle. These forc_.saFe as follows:

(i) Direct solar forces - caused by direct solar ener_-4impingin[ upon

the vehicle.

(2) Albedo forces - produced by the direct sun energy reflecting off the

earth and striking the vehicle.

(3) Direct earth forces - produced by direct earth energy impinging upon

the vehicle.

(&) Retaliation forces - caused by the vehicle being a source of radiation

due to its own temperature.

The radi-_ttonimpingement (or emission) on the vehicle produces forces

_.ndtorques which defend upon the surfaces of the vehicle. The surfaces of the

vehicle can be either diffuse and specular and absorptive or reflective.

Four different patterns were studied tc find the forces and torques on

'<hevehicle. Configurations A, B and C of figure h.l-i are combinatior_sof surfaces

rangin_ from all specular to combinations of specular and diffuse surface. Con-

fiEuration D of this illustration has a pattern which is half diffuse absorptive

and half diffuse reflective.

For the first portion of this study program configuration D has been

investigated more completely than has A, B, and C, and conficuration D is the

zubject of the data herein. This pattern has the advantage, since its surface

is all diffuse or nearly so, of being the one wDJ_chwill p_duce the _mmile:t

torques on the vehicle. Derivations have been made for the other patterns, but

the computer runs to establish all of the needed relationships will not be complete

until later.
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Figure &.l-I Patterns Studied

The forces produced on a 200-foot diameter vehis.le for configuration D

with a vertical system at 1500 miles altitude are presented on the illustrations

to follow. The Z direction on the followi_g curves is toward the sun, while the

X direction i_iperpendicular to the Z. The orbit plane is assumed to include the

sunline (except for figure _oI-6), so that noY -direction forces are produced.

Admittedly, the data is incomplete until other orbit inclinations are added. In

all of the graphs, the force in ibs is shown as a function of orbit angle measured

from satellite midnight.

In figure_ _.I-2 and 4.1-3: the X and Z forces are shown for the albedo,

direct earth, and reradlation force_ The reradiatlon force is sere since the

emissivitie,s on the inside and out_i_e of each surface have been made equal.

|JNCLASSIFI/D _'_
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The direct so._arz.0rcesand the total of all four forces are shown for I

the X direction in figure _.I-A and for th:.Z direction in figure _.I-5.

A study was made to determine the effect of having the orbital plar_ at ....... J
j_YJ-

one other inclination to the ecliptic plane. In figure _.i-6 the results of this
I

study are sho_n for the _dr_ct solar force in the Z direction ouly. From e_ ":- I

ination Of the f_gure, there is little difference in the two curves.--The programs I
developed to find the forces take the inclination into account when the forces |

_re calcula%ed. I
In figaro 3.1-11 the direct solar forces in the Z direction for the

vertical and dual flip systems are shown for comparison. The orbit represented

haas l_O0-mile altitude and is inclined at _o to the ec!i_ic. A_ expla__ned_-i_ni

I

' I I
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Figure _.I-6 Z Primary Forces for Two Inclinations, Vertical System
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h.2 i_aterials and Structural _oncept_

h.2.1 '"i,_terials

?he :_terial choice for the o_lloon structure _ limit_.d to t_ose _ter_als

whici_ -ire hivhl7 flex_le ind _re space 2roven to th,_ extent that they _o not r:q,Jire

basic deve!ov_eut. This limi+_ticn, combined -Tith the req::ir_ cut that l_r_e s':r_ace

areas oe provided for solar :reqs_re forces, r_.stricts the choice to a _terla! either

similar to, or ident_c_i wit}., the Zcho II "_l,,minum-_lar-_luninu:n laqir_te. This

m_terial appemr_ to h_ve %11 of the necessary characteristics. Other m_ter_Is s:_'ch

as v:-uum ri_idizing fabric s_ foams, fine wires, etc. ar_ geficient with regard to the

weight, vol1..zerequir_.nents, certainty of space environ_nt charaeterS st_cs, stability,

basic d,.velo_'nent, and similar items. ?he major _mprov_.uent wh:_h could be expected

from an[: m_%erial would be a si_niCicant _ncrease in stiffness. The alumin,_m o,_ter

! layers ,_F the Echo !I lamirmte pro ide bending stiffness w_ich is difficult to _Fproach

with any other _ter_al of _he same thickness. Increased m_terial thickness has many

_. imdesirable charact_ir+ics such as "_-ulkiness, pcorer heat transfer, weight, _nd f!e_-

ibility. Foaming materials offer some ?otential, but the present technolog/_ does not

allow their i_ediate consider;_tion.

Other characteristics which _ake the ?l_ninum-',_ylar-aluminum sand:rich .[art-

, icularly suitable _re u,:_ ;_oo'_.... reflection reflect_vity and the adaptabillty to

desirable surface finish properties. These qualities _re not inherent in _,ther '_ater-

ia_ s.

h.2.2 Structural Concepts

! Several means for providing significant improvement in structur_l stiffness

over the laminate alone have been considored on a preliminary basis. Fi-ure )_.2-I

indicates some of the most rromisin_; possibilities. As shown by the illustr_tion,

they are basically tubular, U-channel, Z-c_annel, and box section conflagrations, the

means of deployment varies k'ith the type. The tubular form would require _ secondary

inflation system which wov!d be activated after the b_lloon h_s taken overall shape.

The U-cha_hnel scheme is inteude5 to Be Self.forming c_rlng final yield stretchinF of

the skin. Due to the skl:_ cur_a'ure, the webs w_ll form themselves toward the rmdlml

I 0
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Figure &.2-1 Structural Configurations

direction. The Z-section and box beam versions can be made _nd attached to the skin

so that the unfolding of the balloon pleats forces them to erect. This method has

been partially verified with paper and laminate models. Fabrication appears to be

feasible _ut quite tedious.

The dynamic forces associated with the deployment of rel_tively large

electronics masses during initial balloon inflation can best be minir4izedby keeping

the inflation process as slow as possible. Residual air must be kept to a minimum.

Once the initial shape has b,_enattained, a second pressurizing phase is required to

stretch the skin to remove _old lines and provide as smooth a spherical sue'faceas

possible.
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h.3 Surface Finishes

The inner _nd.outer finishes of the s_tellit_ _re important for tberraal

and a-rnsmiccontrol. The f_nish properties that serve in these Cunct4ons are _clar

?_ absorb,ence(C_s) , eni*tance (_), _.nddegree of spec"_i:_rity( . [_ord,mamic

control, the t,:rpesof f_.:-i=hessought are shown below:

,-" Cl_ss of Tinish ideal n _
.pt_l Properties

Di?fu5e Absorber _= C, O( = 1

_J Di/fuse Raflector - O, _s ° 0

,, Specular Reflector _= I, e_ - O

To serve, as well, for thermal control, it was necessary that the diffuse

absorber have a high e.r.iittance,the specular reflector h-_vea low emittance, and the
J

diffuse reflector, _n emittance of intermediate value.

The choice of coating was limited, wherever possible, to _l:_min,,m"_n s_tu" 2

treat:.entsas opposed to applied finishes. The benefits would be low wei,-htpenalty

I and maximum resistance to and em_ircnnent
packlging space stresses. The treatments

considered were anodize (chromic mud sulfuric acid types), chro:_te conversion coatings,
i

I chromate-phosphate conversion coatin_s, and chemic_l po!ishi_g. }{o.ever, it was i%ued-

iately apparent that these type.sof finisi_escould not provide a difCuse _bsorber suf-

I
j ficiently close to ideal to o_ useful. Therefore, an _pp!ied finisi,,India Ink, was

also considered.

Values of _ were taken from the literature = _d determinations made in
' S

the Aerospace Division laboratories. Emittance values were from the literature or

r_,,rsonalcom_4nic_tion ,,9_thother laboratories.

Quantitative degrees of specularity for these finishes were given no con-

sideraSion in the literature and had to be measured. Specularity w_s estin_ted bv

" comparing the total hemisphe_ic._lreflectance (RD+S) with the hemispheric_l reflect-

ance when the specular component is removed (RD). _e fraction of speculsrity (_)

is calcul_ted as:

RD

-:g;j
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For a highly diffuse surface where _-_ O, then RD -9 _+S" For a hiF_h3yspecular

surface where J-, l, then RD -, O.

On the Carey Model lh spectrophotot_leterused for RD _nd RD+S measurements,

the instrumental limitations were such that the speculari+_rmeasurement could :,c_

be _de at normal incidence over the spectr_:mrange of O._5 to O,70 m_c_,,_ns,Le_,_y

these limitations, the measurements qusntitatively established degree" o_ c_°

specularity in contrast to the subjective evaluation generally 4a4e io:"bra ini_has.

Values of O( s, _, aud _for practical treatnents are s:o_m in T__e h.3-1.

In narrowing the choice for final selection of treatments, anodizing w_s _ojected.

The reasons were: (1) very light anodizing afforded values no 4_?fer_nt Cr _.chemical

polishing. The only justification for use of anodizing would be _ a means of p_e-

serving the polished finish. (2) Heavier coatings of _nodize (_idnot afford suffic-

iently high absorbence values before destzoying the thin parent ,_etal.

The final selection of coatings to ser_e both _amic :_ndther_ml reeds is

indicated in Table t$.3-1. These are to be applied to satellite configurations for

both external _nd internal locations. The coatings chosen marry practicsiity with a

sufficiently close approach to the ideal to make the systems ther_,mllyand dynamically

feasible.

Manufacturing and space environment resistance of these coatin_zsare shown

in Table h.3-2.
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OPTICAL PRO_ITIES - AII't:F,RIM T?,'F_.T,_II._TS

Coatlnz

j- Z_, Al_ra%ione s

_ .. 0.25 o.o7 61
* _.e c_l Polished 0.2 0.04 90 0

.,. "S" on ChQm, Polish!
}

_.._ '.cAcid

5 _, trsa_nt 0.16 .O8 68
9] _-3 . a. troa_mont _._3 .20 48

"L,r .iC Acid

30 ,..in,, troat,_n% 0.52 - 2h

"3 .-.in. _roatmnt 0,59 - "

._ C:,:;-¢or_.-',._nOoatlnCs,

:,r _',e (Al,_dlne1200) 0.53 0.08 -

i Ci:r_ t_-_os2h tA* A..._'._,,_ [,,.,---41 0.35 0.5 h5O

iz-,._it, .30 0.40-b.90 - 0-13

'], _ ph, J Coatin_
__ .., i,_d'_a Ink 0.,,5 0.9 0 45,3_0

-_ ;:- S_Ioct.odTraa_en_s
i

.I Figure 4.3-1 Surface Finish Optical Properties

.j

• ,,,', °"...._ &-13
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_OCF__SABILI_,- ALt_ TZL%4TtIE;_TS
-_+-............................. r_laing .... _:_fect +-
........... ..... .Ea_o _ Cost+_+A_-'_on _mtao..t_..o,).' ....on :P,,x"on%

Ch+,,,',ic_,lly Fairl,7 no
Poilshed easy high prob_nl n_ no;_'_

AI...,.he Very ,
401 - 4,l easy medium excellent _o_ none

India Ink Very medium axcel_n% n_ no_
easy

STABILITY IN SPACE

Vaouu_N Ther_t
__. _ Stability .Rmd!_ti_ Hicromoteorito, i + i i II _ -- : ......... _ • . i; _

_',he.uic_L1_' no urmsual
Polished no effeot high excellent problo_

Alod_no no effeot , high +no known no ur_ua_
401 - _i knO_ effect pro+,+._m

_nd£a _uk no effect hi_ _cel_au_ no unusual
problem

Pigu_e A.3-2 Surface Finish Characteristics

I ll, I*

I
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I:,4 Thermal l'_easibi!it_f

Y,h_thern_l "_'_s!bilityof the passive co-_m,:n_.c_tions_telli',e [nvoives

',he_oll.o'.r[n_ t,_:s.
R

'_. !_t_bl_s _nf"the cr_tericn for feasibility

b. Deter,_ininc_ nethod of analysis that _ndic_*:s e rel',tJqnshipbe-

tween the th,,,_rqaldesign p_op_rties _nd the pass[w t,emner ,:- :ontrol of ,,,he -

hicle for v3r:_s _rbita_ ,_r,-_ronments.

c. ;st_blishin_ the tr_de-orfs between _he d>--_Tn_sreq_ire:ents _nd

th_rma! _]esi_n.

4.;.1 The Criterion of _easibi!itv

The overall fz_sibilJ+.yis associated with the life of th_ sat_llife which

in turn is influenced by the temperature of tb,_various components, ?ota the m_x}m_m

_nd ._uinimumtemperatures are involved and the values selected are sum,_:_rizedbelow:

Sld.ntemperature ............. 80°C max., -IO0_C m&n.

Flectronics 60°C max,., - I0°3 rain.

P_tterl.es iOO°,_max., G°C m'n.

Solar C:!Is IOO 'q max., - 75_C rain

4.4.1.1 Skin Temperature

The valnes chosen for the skin ?mperaoure limits (o:_espond .o t!ose

prev_.ouslyset for other balloons. The _aximum tJ wry _m_chlower than the upper limit

for _;chcTI type m_terial. The lower l_mit, howewr, is that imoosed on Xcho _I m_ter-

ial where the joints w_.re concerned. Improvements _n joininK t:_chni,_aeshave lowered

this liN_itbut sufficient data _re not _wilable to irdicate how much.

h°h.l.2 El_,ctronicCom--_o.ntTemperatures

The upper l±_,_Ithas been selected be_u._e it reoresents ti_epoint where the

decrease in fail_re rates of most e!ectroni¢ components due to t _,_per_,tureeC£ecbs

becomes so:uewhatinsignificant. The lower limit was cho:,u because it is _ condition

where the power supply stability becomes so_.:ewhatq.est_onable.

.r,, t/" _ _ _"I r_
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h.h.l.3 Batt3ries

The temp_rattme chosen here represents manufacture ratings.

#_.h.l.h Solar Cells

The upper ll_,%itpro'rldes an efficiency of 75 pe.rcent which is considered a
J

good design value. The lower limit on the other hand represents a condition where

the bcnding of the cell to the _a!loon structure is impaired.

h.h.2 Method of Analysis

The method of qnalysis was to f4rst determine the orbit_l environment that

would influence the maximum and zLinimum temperatures. The internal and external con-

ditions that would exist d tring the time periods associated _ith _ound, launch, in-

flation, stabilization, and stabilized orbit operation were qualitatively evlluated

to establish the orbital environment which would most likely ?__eld the highest and

lowest temperature. The ultimabe objective was to provide a basis for the qq_nt]tative

thermal analysis.

h.h.2.1 Qualit3tive Analysis

The thermal environments associated with ground coolin[K and launch periods

do not offer an__ severe problems. [n addition the period of _ime 4urinz inflation

should be of shall concern. During this period the expanding _ir and vapors will

reach low temperattmes because these _ases will expand nearly a4iabatical_y. However,

sh_ce the mass of _as involved is small as compared to the total mass of the system,

the effective temperature re4uction of the entire system will be of small moment.

T_m tumbling of the satellite during the orientation stabilization period

can produce the worst-worst space orientation. It appears then that the conditions

when the satellite is oriented in a position so that it receives the _reatest _nount

of solar and earth energ_ would provide the hlzhest skin temperatures while s position

where it receives the least energy from $he surroundings would provide the lowest.

The orbiting plane selected for analysis is the ecliptic plane where the sa_ellite

receives the maximum albedo when located on the earth sun line. The plane :,lsoore-

rides a time in the earth's shadow which is maximum at all times for any :iron altit-

ude. For the purpose of detJrmlning skin temperature, a steedy-state heat transfer _

I
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was assumed to exist ":henthe vehicle is located at either of the nosit4ons, ',_Jere

the vorious component temperatures _re involv._d,the phase Ira-_nd _ttenu_tion in

temI_rature chan_e d_ring an orbitin_ condit'on as a res,lt of the :ncr,_ stored in

the component was evil _ted.

I.h.2.2 Ther,_l Analys!3 - Skin Temperature

A heat balance for a point on the skin of the vehicle is sh_-z :n /ig_re

in_ :_in concern here is the det r::linntionof "_ . out]ro:_h _f the

analysis to _!e+e_lineth_s quantity is a temv_r_t Ire or prcperty defined _s the

]!can:_adi!ntTeape'ature (,¢P_) The v_lue of the _T is influenced by the external

surface properties, 0(o _ni _o of the vehicle, _Itit_de _nd position in orbit. It,

in turn, influences the skin temperature and component te,uL_eraturebeca_Jseit "epre-

sents, alon< with the internal s'4r_aceco,tditions9 the radiation back-roun to which

any soint inside the vehicle is exposed. Since it is influenced by the total _ne-j-v

received by the whicle_ a _eans of determining this for a spher!cal vehicle was -ro-

vided. The :qodelchosen for analysis is s},o_cnin Fire:re )..h-2. __tis _II to note

that aerodynamic ener,_rwas not considered in the _na!ysis because at the _itit_des

involved, this would be of small concern. In adflition_the _ork _one on the s_te!lite

due to solar effects _,asnot involved bec_'_se this vehicle is a rigid body and the

force cannot appreciably defect the toundaries, _.e. no ener_c[can cross the bor.nd_ries

of the balloon &_e to a 4i?ference in force. Only r_d_at on _eat transfer was con-

sidured in the 3nalysis;

the no_el chosen for analysis was based on the ';orkdone in "'',,_Technical

Note D-llS. However_ since the vehicle con+ains _,orethan one surface absor_!vi_.y

(O_ s) and emissivity (_) a method of integratinf the ener_ over _he surface of

the sphere was provided. The sphere _;asconsidered to be "_de up o_ _ n_:,aberof "!at-

plates_ The m_mber of flat plates was det:r,ined b7 comf'_rin_the _alc_int_on of _?_T

for a sphere of uniform surface conditions with the calc,,l_tion,,sin_the equation

in the above reference. _e _odel chosen ;ont_ined i],!_surfaces _nd _rovi_ed _ _T

w_thin 2_C of that ,'alcul_,tedusing the , _eq_,_tons fron the referenced document,
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!.._ Equip:_entLocation _nd Packa_

:,5.1 intr,_':ction

feasibi__ityi.ave}_een _,v_l._,Ledfrom_a p_cka._;i.ngstanSpoint. Af* _r 4et r'qin!nKpot-

ential prob!er,iareas, ie feasibility of providing reliable "_ans of overcoming these

problems i_asbee. c_eaonstrated. Dif?er ,nces in r:ack_q!ngconcep_,sres_iting from

system characteristics i_a'_-ebeen deterrn.inedto aid Jn the selection of a con#,rol

syster,for Vhase iI of tilestudy. The _re,_sc_r:s!dere@irwlude: sLr,;ctur_lco,L-

"'a_ibiliby_weight _nclinertia control_ t _er'_l balance, rn6i_t!cn ;:ro*,ection,_eteof

_e da_?ge, la-mcb vibr_tier,cn':_f_,l,]ing reydre_ents.

h.5.2 EquiFaent Location

,Oneof the first areas in which a tradeoff exists is that of equip_,ent

location. Due to s_tellite orientation an8 reqrired inertia cqo,r_cteristics, the

placement of power supply and electronic packages differs with the type of control

system employed. Equipment locations for the @_ai flip and vertica!ly oriented sys,,eas

are shown in figure )_._-!. '['ncdual flip is a sun-oriented system with eithcr of tw,

hemispherical surfaces nalnta4ned ncr_ai to the sun line. The solar cells are placed,

therefore_ in two arravs_ one per hemisphere. Str':ct_ra!cnnsi4er_tions dict; e p!,_ce-

aent of these arrays at the _ntersections of two stif ening tube belts, ZT.eremaining

equipment is distrib_,_tedto provide equal :_ements of inertia _bout any axis, consist-

ent with struct,_raland folding require:nents. One m_thod of accomplishinr this is the

piac_.:_entof electronics and batteries at the re._inin_ four _tiffening tqbe inter-

sections. The vertical syste:_is earth-oriented and therefore results in a v_ri_ble

satellite-sunline relationship. To assure the availability of solar cel] power

assuming a random relatienship, s_x _roups of solar ceils are required. These cells

would be located at _he six int,:rsecti,_nsof st,if ',;ningtubes. The elect,remit eq'_ip-

:centand battery packages are located at the stiffe:_ingtube intersectious on the

vertica__ axis to obtain the benefit of ;,rarity_radient effects.

II li'! - i_Cl|llh _-31
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Fi_/L?e&.&-I Determlnation of Skin T_mperature

" An anslYs_s was provided for the various electrical components located in-

side u_e-balloon. In order to determine the ._._imum and ._ini._m temperatures, a

_t_..:dl_al electronic psckage was used for analysis 3nd is shown £u Figure h.h-3, It

is to N_ noted that there are two conditions that can exist whore the ther=a ! Coup-

llng of the coRponents to the skin of the sphere is dlfrerent. (i) .here gas con-

duction along with radiation heat transfer can exist, and (2) '4hereonly r_di._tion
%

couplir_-is concerned. The fcr_sr _.an e_J._ during the early life of the vehicle

_hile the litter will occur when little or no gas is _resent. The main concern here

Is %o provide a ther,.ll design where the watt density, pae_a_e densi_y-_ and isolation

_rom the akin i_" sufficient to tak._ care of both hi_ :-_ !.n- te.:I_ratures whether

.gas IS, or is n6t, present.
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GEO_F_T_YUSED FORTHE.
DF_TERMINA_'IONOF ENERGY GAIN

Three different sit,l_tions,_ustbe evaluated with the vehicle i_ an _rbit-

ing condition, i.ee
u -

:_ • (I) .Randomorlentation o!"the vehicle where gas is present withal the-

sphere

(2) Stabilized ol_it with gas

(3) Stabilized orbit with no gas.

former was considered to be similar to a dual flip system where no filp

occurs while the latter was considered to be the earth oelanted situabton. The ana-

_Tsis provided • set of fiw equations in five unknowns. This was reduced to fou_

equations bv considering the MRT as a s tion.In order to make this eval_m-

tioup however, it waFj essential to first provide • vehicle with a design _T. Because
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Figure _./.-3 _cal Electronics Pacha_e

_. of the long tim in the sun, • design goal of lO°C was established for f_hlsproper_,

the value being selected on the basis of 500 yatts of pmmr and a package density of

20 pounds per ft.3.

4.h.3 Seleotlo_,Of .1_ermal Propertles of th e S_.e.re

The properties that influence the MRT of the vehicle _ most cases comple-

ment one another in such a fashion that ar_rthingt_at serves to change the MRT changes

all other temperatures in the sa,es direction. The exception are those associated with

the area and internal coupling; that is to sa_, that internal emissivity ca_ change

the surface temperature withcut changing the _RT. In addition, the internal emissivity

can reduce the hot spot temperature whale at the same tim_, raise the cold spot. The

_asrmal l_operties of the system, however, do not explicit]_ define ar_ of the temperature
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control points. _4oreo'm-,the competition between the hi6h _nd Imz limits imposed on

the various co_Fonents coupled :riththo r._n,'_e of orbit_l re,quire_ents _'reclude--ny

set of clrcu,_stances_s d__s"_ _in:,. One then is con_=onted _.-:ththe task of not

only evaluating the _ :Atude 3nd variation in tenFer_ture as in'luenced by the ther-

.-mldesign parameters, out at the s_le t_e, one m,cs%optinize t'uesevariables to

values which are ..trainablein practice.

Tor this r_son, a s_-:--_-_:.__._j_.__ _v_luation of the v_rio_s l:_.ra-_:_terswas

made b_ulrmLuo_,,"" "-with an _'rbitrao"vehicle __th h s'dr3_c_s. The ezt:rual absorptivitics

and euissivities were fixed _t :_hatwas co._,ideredto be practical v_l:Jes and the

areas of each surface "._ass_t to be equal 'hen projected normal to t}_ sun's r_::s.

i_e altitude was fixed at l_O0 n. mi.
l

Step one -was to change _he (_i) £nt__rr.alei:issiv_7. Yhe r_sults, Fim,_re_._-h,

of this indicates that no gre_t _ducK.ion in hot spot or incro_se in cold s_ot would

occur when the _i was _-rea_r _.an .5, i.e. one can on:_,exoect _-mrr_,__ :,_.os

Step two - The area ncrzml (BI) to the -.-nwas varied while that facing the earth,

(Bg) remained fixed, i_nc_i " .50. _ne results are shown in Fi_._re}:.h-%a. ._nce

ag_in_ only marginal .q_inswere atta£r_d _hen "31" _:a3redfacedbelow _:_o.

Ste[ three - Two d%fferent conditicns _re e_mlua_eS, i.e. _th B1 - 15° _ud too, 3_

was varied. Fi_nare,'.._-Sbindica'es that some larF,e ._ins were av_i!_:-le. ?he _ ._ __OW_S_

temperature was attainer!when the vehicle approache,ia two-surfsc=-dcon$_tion.

3top four - Var:_outside enissiv!ty. The desire for d:q%inicsto use a two-surface ,_-

hicle whe._eone side was a ._-ffuse_bsorber (A), %nd %he 9tPer s_e m _%¢f%se reflector

(?.),led to abandoning the four-surface confi_:ration (B1 - B - 0 for this case).2

Figure h.h-6 a-.owethe res':itsof varying the e,.nissi,Jt:"of .the.diffuse abcorber side. "

:'_i_m:_|'.h-7indiza'_s the effect of varying the e_issivitv of the dlffuo.-_reflect:r

si_ _£th6A " .90.

Step five - In order to a_eertzln the ef;_-t of orientation an._ to as3ure that the

hi_hest and lowest temperatxu'eswere ,_val-:_ted_the vehicle w_s exa-_ine_:for all

positions ur _ngles to #,heeart_ srn line _t the _oints defi_d ._sdesi._n,'onditicn.

".:ow_ver,to re'i-ceboth hot spot and }_ITto the goals desi:'n_ted,the _i was increased
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Figure _._-_ Influence of Inside Emissivity on S|_n Temperature |

to .90. Iu addition, the 6 R - .50. Fi_e _.4-8 indicates these results. It will be I
noted that the position examined produces the highest temperature,,

Step six - The:design as selected above was examined for the effect of altitude. Figure I
4,4-9 shews this effect.

The overall results indicate that with the best practical the rmalksuriace, the I

hot spot can be aatis_!+!ed under all conditions of orbit. The cold spot condition can

.. or,_V _be satisfied at the lower altitude (500 N.M.). The _T is always beyond the design !

conditions but never exceeds the maximum allowable component t_mperature; this of

course mere_v infers a design condition. The cold spot conditio_a than appears to be I

the on_ concern hare. Hoover, as indicated, improvements in both laminates and

Joints have been inforre_ by manufacturers of the laminate. The on_ lacierin l

questim in the reliability of the testa that haw thus far been performedo
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4.4.4 Evaluationof the Components

Several typical packagesof the electronicsand batteries_re evaluated

both in ++heoperatDigand quiescentstate..In addition, the solar cells were eval-

uated with differentthermal couplingand masses. The results of this ana_vsiaare

shown in Figures4.4-10 and 4.4-11. This analysiswas accomplishedat 15OO n. mi.

In order to compare the results cf the analysis,a tabulationof the various goals

and conclusionsis shown in Figure 4.4-12.

4.4.5 ConclusionRe_rdin_ Feasibility

The results of the analysisindicatethat the passive communicationsat-

ellite is feasibl_in every respect except the low temneratureat the higher altzt..

udes. It does not appear that any thermal designcan be achlev_dthat satisfiesall

conditions, and at the sa_e tim raise _the cold spot to the low temperature limit
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Figure ii.6-6 Tnfluence of Enllssivit, y of Absorbli_ S'i_'i_ace on Temperat,'4re

limit imposed on Echo _ material. However, it is not a fundamental limit .since :

newer laminate and Joining procedures .haveshown up well-_at..muchlower te,mperatures,

Som_ reliable tests under thermal fatig._econditions s ,ould be done to justify low

temperature operation.

/

f

i i

1964008526-089



Figure _.4-7 Influenceof Emissivityof ReflectingSurface on Temperature
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Figure _._-8 Influence of Rotation on Hea.n Tempera%ure

,r e*,
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_gure _._-9 Influence of Altitude on Temperature

|'Net _c,C,IFnt:t_b /"_
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TABLE

......IY OF r_,L A.UALYSIS

Yeaperature ! .. , 1°C E_ximu_ hlninum : !.!axi_um 'Ainimu_,
!

Skin "30 ] -i00 35 -1!50

Components 60 -IOn 3.g-AO 0 to -h),

i_, i0 - 31 -

!

B_tterF I00 O 12-20 6

Solar Cells I0£ -75 9;; -55

I

L

Table 4.4.-12 Summary of thermal analysis
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Figure _.5-I "_quipment Location

h.5.3 ?orqu.Coils .

Materi_Is _nd ,.echniquesfor _oviding ti_enecessary torque coils haw been

_- :. inTes_igated du_._ Ph.sse I. To determine the most feas__blemethod of- moun_Ing the

coils to the satellits, 'varlous types cf coil.material :,avebeen evaluated, including

limp w_e_ solid circular cf_.ductors_flexible printed clrcui_ry# and the use of sat-

ellite _t_, ,ure for coil. .Theproperties of co_mon me_als were _Iso compared to

de_n.Lue _e optismm coil material on a weight/condu_ivity b_s_s. Re_Its of _hese

studi,_sindicate that the coils s._uld be constructed of aluminum for _inimum weizht.

Oonnections t,) aluminum conductors appear feasible using laser _nd ultrasonic welding

: tecnniquesl howe_er, use Of _ore conventional techniques would be al_owed-iz" copper

coils_ with their co_Tesponding wei_t penalty_ are used, The most feasible coil

sch¢_s are I
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(1) Cementing _ _%1 ",,hick "qex£ble _rin+_edclrc,:i%ryto the inside _ in

the vicinity of the s_£Eren£n_; tubes,

(2_ :'tilizingthe inner _lumir._imlaminate of t,hestif"en_n_,tubes as con-

duet_r.

h.5.h Size and Cor_tr_ction of._lec_ronic P_c._a_es

The a-;licatlon o£ electronic eq,zipmer.tto th_ satellite can bq acconplished

by utiiizinc a number o£ _a11 "q_t wcka_es, interconnected as necessary--_th .5 nil

tlRck £!ex!ble r.r£rted:irc_itr/. The size _nd c_nstruct%on of the =-lectro_ic_c_-

a_es _ppears to be restr__otedb7 str,zctur_l_nd folOing requirenents _nd _'zllbe -in-

dewndent o£ th_= _ethod o£ control. If th_ drop _3_.atnethod of £oldL-._is re___r_ed

as typical, i_r_'_kss_olep_ck_e sizes _y vary from 12" x 12" x i" to 18" x I_" z i_'

with .-_axlmu_ ",eighto£ approximately two pounds l_cr.z_ck_ge° As shown £n Fixate

|z.,h.-_.,_ the packages will consist O£ co._bination_o£ con,e_.%__onal_-nd£_nc%%on_l block

cd_._ngn%s _ncap_ul_.tedin rigid po!yuret,_ane fo&_ for structural m,p,no:__z_!en.-_ron-

mental ._ro_ect__n.

j'

UNCLASS'FIED 4-33 _--_ _.....
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6.6 Radiation and Meteorite Shib3din_

6+6.1 Radiation ShieldinK

Both the verticall_ oriented and dual flip satellites contain a large
J

nmnber of smalccmductor devices, which are ir_.erentlysusceptible to radiaticm

damage. The effect of Van '_Uen belt, _tomic testing, and solar ,_are radiation

on semiconductc._ life has been determined as a function c.f orbit altitude and is

shown in Figure 6.6-1. From this data, required shield weights and thic._nesses

Prove been calculated for variou3 orbits taking into consideration component deratir_

to realize benefits of exponential performL_ce degradation. The results, sho_r, in
i

_.6-2, indicate t._at shielding sufficient to provide a £ive year semlcon_uctor

lifetime is feasible. However, due to the high energy proton region of the Vat Allen

belt, orbits ran_ from 800-3000 miles in altitude require_radiat.ionshields 5-I0

times heavier than those required for a 500 or 3500 mile orbit. (For a shielded

area of 4000 in2, shield weight varies with altitude from 15 ibs: to IA5 ibs.) The

s,hielding problem for this project differs from that norm_l_ encountered in the

design of satellite electronics in that thermal and structural requirements dictate

a high ratio of shielded area to shielded mass. ._,le unique situation develops in

..............._ich shield weights may be many times the weight of the equipment shielded.

.6.2 F,eteorite Shieldiu_

Regardless of control system, consideration must be j_-iver.'to the problem

: of meteorite damage. Failures caused by breakage of interconnectir_ wirlng can

easJ._ be eliminated by redunc_t wiring. The electror._cpackages, however, must

be examined in detail to determine the probability of penetrati_ to component

depth. D&ca f_ the Explorer :£_iSatellit_, prescnted in F_e _.6-3, indicates

that _he number ef penetrations _observed __ a_proximate_y i/i0 of that anticipated

usin_ the _pple flux and B_ork penetration criteria. On the basis O£ this data,

" electronic components surrounded by a .0_0" _luminum radiation shield and embedded

in a minimum of .3i" pol_=_ethane foam would be adequately- protected against

meteorite penetration for the required 5 year life. "
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4.7 Reliabllity

A.7.1 Assumptions

Thi:_study was to compare the reiiabilities of the two systems a.na _.iso

to determine the expected probability of mission success as compared to the desired

probability of success. In or_er to do this some assumptions were required as

being applicable to beth systems. These included:

Use of inter-ratedCircuits - Because all of the circuit elements and interconnections

are all contained on a single chip. it was as_med that an I.C. was one p_rt and not

the sum of the elements cont.linedon it.

Each System is a _.JreSeries System - Thus the failure r_es of individual subsystems

were totaled to obtain the entire system failure rate. Failures were considered to

occur at random so that the exponential distribution o£ failure could be applied.

Failure Rates - The failure rates used were those which were best substantiated.

For conventions!1parts L_ the equipment, svch as resistors and diodes, _!-Handbook

217 rates were applied. The rates chosen were the evQrage failure rate _oal set by

the manufacturer of Minutems_uparts. Some of these goals have been achie_red;all

appear to be in the foreseeable future. The failure rate applied to Integrated

Circuits was .Ol_/lOOO hours per fla_ pack. This failure was based on one year's

testing by the SiEnetic Corp. More optimistic rates were predicted but no substan-

tiating data was found.

Launch Phase - For purposes of this study, the launch phase portion of the mission

was not considered. The success of enduring this portion of flight Is basically

dependent on manufacturing and packaging techniques and has been successfully

demonstrated many time_.

_.7.2 Cc_.parison of Sst_

_.7,2.1 M_thod of Comparison

The desired mission was given to be a minimum of 5 year life with 90%

probability of success. In order to achieve this goal, a system would be required

to have a failure rate of .2397%/1000 hours. This is approximately _ the far'lure

rate which can be expected in an airborne radar receiving tube or the failure

r

!
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rate of a paper capacitor in a fire control radar.

A parts c_unt was made of each subassembly of both systems. The relative

complexity of each subassembl_-to the entire s-jstemwas determined. Based on this

degree of complexity, a required failure rate for each subassembly was then computed.

These tot_!ed to .2397,_I000 hours. These computed failure rates are the ones which

each subassemblj must have in order to meet t.e .5year life requirement. This also

implies that no redundancy or other improvement techniques are used.

To determine what could be expected, each part was assigned an optimistic,

yet substantially realistic failure rate. These were summed and compared to the

desired syste_ requirements. As can be seen in F_tu_eL:.7-1 the expected failure

rate for the dual flip system is approxix'_tely38 times, and the vertical system

A8 times, greater than .2397%/1000 hours required. Figure&.7-2 shows the total

system failure rates which would be required for a life of 1 to lO years with a 90%

probability of success. It can be seen that for each added year of desired system

Life the failure rate is ½ that of the preceding year. For a system to meet the

goal of 5 year operation and PS = .9 it would have to have an _._BFof &17,1_3 hours.

Figure4.7-3 indicates various MTBF required for 1 to i0 years ol,eration.

&.7.2.2 Results of Comparison

Using the reliability equation, R = _- A t where _ is system failure

rate and t is the system mission time, the following probabilities of success were

obtain._d.

l_ _ yearz

Dual Flip R = 44% R = 1.7%

Vertical g = 36% R = 0.6%

Using the same equation and assigning an R = 90% the life expectancy for the two

aystems are as follows:

Dual Flip = 1133 hours or _7 days

Vertical = 902 hours or 37 days

_<ure &.7-A can be used to compare these results to other satellites. Figure&.7-A

represents data from 49 satellites out of lea attempted launchings. Thirty-three
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Figure L.?-I Failure Rate CorJparison

of the L9, or more than one half of them, had failed in less than L months. Failure

is defined as being no longer capable of transmitting any useful data from e_y

experiment on boara. Initial or partial failure occurred much soonec than this.

_.7,3 Reliability Growth Potentials

The inherent characteristics of the Orbit Position Control system will

permit and foster the reliability growth potential of the system. The system is

predominately digital in nature with no items experiencing high electrical _ sses

and hence of greater reliability. _il-Std-756 emphasizes the expectation of improved

item failure rates when used in digital applications. Capitalization of the basic

reliability features of the design has been obtained by minimizing the electro-

m_chanical part applications in the system to two non-critlcal relays and by elim-

1964008526-104



UNCLASSIFIED

FAILURE RATES REQUIREDFOR ,

L?-., ' . ' .......

• I,_,i_ .' . '. . " , ,

: ,
@

_. a'-- \. - " •

,\ .
-_'_ ._r. _-. "

:
I I

' 0 ....! -- :, ,J . -,I I , I I
. z _ 4 o e v 8 e - _o

YE._8 LtFE. Wi_t_ ?s = . 9:

Figure _.7-2 Failure Rate Requirements

inatingfailureprone decision switchingfunctions. The life of the system,

especiallyimportmntfor an Orbit Position Controlsystem,has been enhancedby

reducingthose parts in the design where an early life wearout mechanismexists.

Full attentioncan now be devoted to those parts where a known wearoutmechanism

exists, such as in the power supplies and sun sensors, to eliminate this

reliabilityproblem. Perhapsthe greatest reliabilitygrowth potentialfeature

of the systemis the extensiveuse of integratedcircuits, Use of integrated

circuitspermits redundancyof critical circuitswith negligiblepenaltiesin spe:e

and weight requirements. Thus the inherent characteristicsof the systemwill foster

reliabilitygrowth.

II "'Ill- A. % _p_
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MTBF OF ,SYSTEMFROM
I-I0 XEAR5 LIFE '_lTH Ps OF 90_

_.?._ Redundanc2

Possibly the area wherein greatest reliability gains can be made is

through the use of redundancy. Preliminary studies made indicates that the desired

mission of 5 years life with PS = 90% can be achieved through considerable redun-

dancy. This study is as follows:

Assumptions made include those stated in paragraph 4.7.1 plus the

following: (1) The number of redundant units, x, is such that there is equal

orobability of 8y3tem failure from each of the subsystems. (2) All redundant units

a:e active although only one is required for system operation. (3) No allo_v_nces

were made for intercom,_ction or interaction of units. (g) One entire sy,,_temis

composed of I0 subunits. The number of redundant ._ts is such that their:combined

I !
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Figure _.7-I, Satellite Failure H'.story

rellability is Just sufficient to exceed (PB)I/I0 = .9!/'I0= .9895. With these

assumptions mud using the equation for parallel-_eries circuits

where PB = .9, N = lO (1 - ?) = failure rate of 1 unit. We obtain the following

number of redundant units:

Uni.___t ____i_ Vertical

Receiw .' 3 3

Decoder 1 1

Data S_orage 6 6

D-A Converter " 3 3

Clock 2 2

II ""I '" _" ,, "I _.
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U_ni_t Dual Flip Vertical

Cross Multiplier 6 25

Sun Sensors 15 15

Damping Circuits 8 r7

Torquing Circuits _ _

Power Supply 7 7

4.7.5 Su_c:_stedApproach

Figure h.7-5 _enicts projected failure r_tes for integrated circuits.

This improvement over today's circuits, plus the increased application of their use

can only lead to improved system reliability, However, considerably _uorethan over-

all reduction in _,enericfailure rates is required for reliability improvements. The

advances made in Farts and their selection for the applicable system has been clearly

demonstraued by the Bell Telephone Company in their Atlantic teiephune cable. In

brief, a three-phase program exteuding over a long period of time was their key to

success. This program required:

(I) Proof of reliability _otential _ each part itself. Each p_rt is

severely tested for mechanical durability. These tests would be more se_zerethan

the part will ench_during iaunch. They are then subjected to zn equivalent proton

and electron bombardm_nt which they will experience in the satellite orbit. The

parts then are ev_iuated to determine the reliability potential of the design.

(2) The second step is a screening and pre-aEin_ phase to ferret out

those parts not rejected earlier by quality control. All parts are subjected to

_echanical shock and vibration tests_ A portion of them is then selected for teqp-

erature test. The median temperature for failure is used for lot control and compzr-

ison. All parts receive a short term of high temperature aging_

(3) Parts vhich are acceptable through Phase 1 and 2 are then placed on

an extended life test si_ralatingin-use couditlons. The quantity of parts in these

tests is many times greater than will be required in the systen, l_ring life testing,

the Fart's haracteristics are frequently measured. Those parts exhibiting no ch_n_e

J al
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Figure _.7-5 Projected Failure Rates

of characteristics during test are chosen for use in the system.

This conservative approach to the problem of parts selecoion has been proven

successful,and coincident with an inherently reliable design offers the greatest prom-

ise of meeting the long life requirement of the Orbit PositSon Control Sjstem.

, "*,"'* _ _5
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&. 8 ORBITAL C_-TUTATIONS

&.8.1 Orbit Determination "_ro_ram _-

In order to study the effects-of solar pressure on a spherical balloon

type satellite, a distal computer program,ori_inal_ developed by the University

of California _diation Eaborato_ was modified ,_ndused. This program, in itsC

oriFinal form, perfcr_ed a Cowell's method integration on the equations offmo_ion ...........

and provided upon option the 4,,clusionof the ea!th'sb_e _ at, _s_herio drag, and

the yravitational effects of t_e-su_, moon and other p!anetc.

_ _ Since Cow_,_'S method does not lend itself to _he accerate computation

ofa lar_.en'_mbe_of orbits, a more accurate method was needed. Encke's method wa_
D

chosen because of the:relative ease of program conversion and the _reater accura_/

..... t.hat_t offered. The program _s also modified to include upon option the qffects

of solar pressure On a uniformly cuated sphere and the effects of dire_t solar

Fr@smlre, earth e_tted pressure, e_h-refi_nted pressure and rerad-_ation_ressul

on a patterned satellite,

- ._ A macro diagram of the program in its present form is shown in figures

&_8_ and 2. _his diagram by no means shows all the details contained in the

,_.... c,_rogram but is int@nded to show in general how the program is implemented and

the order in which the computations are ms'de.--The program in this form was used

-- to make the maximum eccentricity and mobility computation, which are described-

let_r.

These computations pertaining to the force table _ption will be

-_explained ir detail in section _.;_._',,-A_socia_ed with the program are a set

_of ephemerus tapes. These_are magnetic tapes containing ephemeris information

of the perturbing bodies (ram,moon, etc.) for the years ISO0 A.D. through _DO0 A.D.

The integration routine used by the program serves a dual purpose.

Eesides integrating the equations of motion, it also acts in a monitor like fashion

J
J

/ "1 I# ...........
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controllinC the flow throuch the propram. Three -eparato exits from the intesration

routine are provided and procram flow is controlled accordl._ly. Oz.._exit path is

taken whenever derivatives are n___dedfor the integration procedure, _m_, ;,_nz-_,

this oath must cor:tair,the evaluation of the perturbinp forces. 4 second ex_t path

"s ta_en after each succnssful _ntecraticn step. The uhrid exit path is taken

when the value of time becomes eq.,alto an.ar,mumentof the subroutine called TP.

Operations which must be perforn,ed at some specia? time such as outputing and uP-

dating of the ephezorus information are included in this path.

The inteFration routine itself uses a fourth-order _an£e-ICuttatec_miccae

_._than autor;aticall7controlled s_.epsize to perform,the _ntegration over one step

within specified error limits.

In.Fm.cke's_ethod, nomin_ position and Velocity vectors are -.alculated

at each time point from the set of osculatin£ elements. Only the deviations from

the nomlr_Llare intefrated as :a function of the perturbin£ forces. The quantity q

is a meam_re of the deviations from nomdmal. If this quantity becomes _reater than.
l

•5, it causes sn infknite series expansion to diverre and the computations to blow

up. in order to prevent this from happening, it become_ necessa_ to periodically

reset the deviations to zero by calculatin_ a new set of osculating ele_:ents.

Pased on axperimentatlon -,-itha set of runs, it was found that reseting the

deviations whenever q became greate_ than i0-& provided the test combination of

accuracy and machine rummin,-time.

The other bod_eb option _ be used to include the perturbing,effects

of the sun, _on or other planets. The perturbations are calculated in the

followin- mar_,r

i _ i _ ri_

whera ri is the radius vector from the center of the earth to th_ ith perturbin£

body: r is the radius vector to"%he satellite and Pi is the v_ss cf the i_h per_

tur_in_ body.

J
J
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The bulge option of the program includes the eflects of earth's bulge

calculated from the second spherical harmonic in the _ollo_In_ rashlon.

r

where J2 is the coefficient of the second harmonic of the earth's potential function;

is a constant vector with =omponents equal to i, I, and 3; and R is the equatorial

radius of the earth.

?he dra_ option of the procram calculates the perturbing,force due to

atmospherio dra_ in the follo_rlnEmanner.

: 1 -"D =-'_Vs CD_ V V

where _ is the coefficient of drac of the satellite, _A _:) is the area to mas_

ratio of the satellite and _ is the velocity vector of the satellite.

&.8.2 Comparison with Echo I C_-_servations

A Comparison of program results using the _miforL:spher_ option with

V_choI observations offered an exce/lent means of chsc4in_ the accuracy of +..he

prcFran. A force to mass ratio of 1.9_ x i0-_ ft./sec2 was calculated for the

2
Ech,-I and put into the pro£ram along with "a published set of orbital elements

as a starting point.

The re:ellisof this comparison are shown in figure _.@-3 and A. The

solid black lines are the published Echo I orbital elements while the broken lines P

are the results of the computer runs. As can be seen all the elements appear to

compare very .'loselyout to _J da.vswith the possible exception of inclir_tion

ancle which is on an exa_gera,_edecale. Pu/thermore, the comparison remains fairly

Close out Lo 60 days wher_ the period befins to decay more rapidly. In particular,

the richt ascension and arLnAr_entcf the perigee compare almost exactly for the

entire length of the run.

h large r,umber of phenomenon _ct_d have caused the deviations between

the predicted and observed elements. An_ng them are the variations _n the solar
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flux field, the neglecting of the secondar/ radiation pressures or the loss of

accuracy in the integration procedure. It is very difficult to determine which

one or which comb_u_tion of these phenomena is causi:_ the deviations. There

are indications, however, that the integration does lose accuracy after some

period o_ ti:'e. Fro_ these results, accuracy appears to be very Food out to

AO days and reasor,_bly_ood out to 60 dso's.

_.8.3 _aximum Eccentzicity Computations

In order to attain efficient station keeping of a set of satellites

sta[_geredin approxirately the same orbit, it becomes necessary to _aintain the

eccentricity of the orbit within some acceptable limits. As the eccentricity of

an orbit becomes lar_er, the angular differences between two satellites _dll vary

more _nd .more. For _stance, a satellite in an orbit of eccentricity equal to

°05 may appear to move as _ach as 5.5 degrees with respect to a satellite in a

circul_r orbit with the s81nesemi-major axis. Furthermore, two satellites in

oroitS _th the same semi-major axis and eccentricity of .05, but with the ar_zents

of the T_eri_ee180° out of phase ray appear to .moveas much as ll degrees with

respect to each other.

These fi_tLresshow the necessity for maintaininC the satellites in

as nearly circular orbits as p)ssible. For this re_.soncomputations were made

in oz4er to estimate the mac,_mumeccentricity which could be expected as a

f_nction of orbital incl,,nation, satellite weicht and sat,,_llitealtitude.
J

Obviously, the best way to calculate the maxirmn,e:centricity would be

to us,._the orbital prediction program with the uniform spher_ option. A circular

orbit would be used as a sta_.ing point and the program would be run until a

maximum:eccentricity had been reached. However, this is not practical for two

reason,,_.First, since the period Of the eccentricity is so lon_ (typical number

is 200 days), ths amount of computer time needed for a run of t.histype becomes

prohibitive. Second, also because the period of the eccentricity is so long,

a loss of accuracy in the integration procedure occurs after a period of time

and +,heresults become meaninrless.

I "_1 (:l;iiGi:It ___
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For these _easons it became necessary '.oapproximat_ the ma_dnmm

eccentricity in some marker. From the Echo I observations and from other compuLer

_ns, it beca_,eapparent that the eccentricity of the orbit varied between maximum

and mininu_,values in _ very nearly linear fashion. The maximum eccentricity: can

then be estimated by calculating the period of the eccentricity and extrapolating

the slope of the eccentricity up to its maximum point.

The method for calculating the period of the eccentricity is illustrated

in fiFure A.8-5. If the circular orbit shown by the solid circle is used as a

startlnE point, then _nitial]_vsolar pressure will add energy to the orbit in the

vicinity of the point P. This will tend to create an apogee at a point 180 degrees

away° Similarly, solar pressure will subtract energy-from the orbit in the region

of the orbit opposite the point P, thus tending to create a perigee near the point

P. If both the orbit and the sun were tr,remain stationa_r in inertial space,

it can be seen that the eccentricity of the orbit would keep increasinE indefinitely

and would soon become too large to be able to control the relative positions of a

set of satellites.

However, the point of the perigee moves with relation to the sun line

due to three separate considerations. First, the precession of the riFht ascension

_au_as the periFee to move at a rate _ with respect to the sun line. The motion

of the ar_zment of the perigee also causes the perigee to move at a rate _ with

respect to the sun line and the apparent motion of the sun causes the sun line to

move at a rate ws with reBpect to the perigee, k_en the combination of these thzme

motions have caused the perlgee to =ove 180 degrees with respect to the,_un li:.e,

the solar pressure force will begin subtracting enerFj in the vicinity of the

perigee and adding energy in the vicinity of the apogee thus causing the

eccentricity of the orbit to decre_se. Thus the period of the eccerfcricity is de-

fined in the following r_nner.

�"Ws) =36o

where Pe is the period of the eccentric._tyand all the angular rotations are defined

as positive clockwise. This estimation procedure was tried on the Echo I data and

' m

" I
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the results aFreed vet,,closely with the observations.

The orbital prediction program was used with the uniform sphex,e option

tc deter_&ne the slope of the eccentricity and the rates of motion of the rd._ht

ascension and argument of the perigee. Figure &.8-6 shows a curve of max_n,um

eccentricity versus orbital inclination angle which was calculated by this pro-

cedure. These calculations were all nmde for a 200 foot diameter balloon vritha

weizht ratio of about twice Echo I or 2000 pounds.

The recion around 30 degrees where the _ eccentricity-becomes

ve_f larre is caused hy the resonance condition:

_ ��|�=0
S

For this situation, the ar&-amentof the periFee effectively remains

statiena_ iflinertial:space with respect to the sun line and the eccentricity

keeps increasing indefinitely.

The curve shows that for this particular altitude of 1500 miles, the

re_ion around 60 degrees would be best for maintaining circularity of the orbit

while the region around 30 degrees is rot practical for station keepin_ purposes.

Siuce the region of resonance is a f_uction of altitude, the inclination angle of

lowest maxin.umeccentricity will also vary as a function of altitude.

In figure !_.8-7is shown a curve of maximum eccentricity versus satellite

weisht for a 200 foot diameter balloon at an altitude of 1500 miles and inclination

angle of 60 de_ree,,_.As can be expected, the maximum eccentricity varies inversely

with the satellite weight. Of course, the ability to control the satellite also

varies inversely with satellite weicht.

4.8.4 _,'obilitySt.u_;

In order to study the degree te which a particular satellite can be

controlled by solar pressure forces it is necessary to calculate both the mafnitude

and direction of the direct solar feces, the earth emitted forces, the _arth

reflected forces and the reradiation forces on the patterned satellite a_ a

function of the position and or_entatlon of the satellite. Since the calculation

# _ b
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cf all but the direct solar forces t_e a relatively lar£_ amount cf computer

time, _t would _,eimpossible to compute these forces directly in the orbit.

deterr&nation program.. Thus it became necessar_#to develop ,_table of b¢_h

direct solar forces and the secondary forces which would _e _,neral enough to be

used for any positic:,and c.rientationthat miFhL be encounterec,

The method chosen was to calc_date the forces on a satsl_ite in zome

reference orbit which could then be related to any other orbit at the sate

a!titu_e, In.order to do this the reference orbit must be chosen LO be in the

plane of the s_m line such that the points of equator crossings are at 90 deqrees

to the sun lir,e, The forces on a satellite in this orbit-can then t _ precomputed

and stored in a table, In order to cover all possible positions and clientatio:'s

the table must contain forces for orbit ancles from 0 tc 180 decrees with respect

to the sun line. For each orbit angle the table must also include forces =al-

culated for angles from 0 to 360 degrees betweon the &xis of _,,etry of the

satellite and *thevelocity vector.

In actual computation an equatio;ml orbit with the sun directly over the

equator is used as the reference orbit. The fcrces are Fre_omputed in a satellite

centered coordinate syster._which has the radius vector, velocity vector and norral

as the x,y, and z axis respectivelT°

In figure _.8-8 the methnd of relatinp an_,position and ore:Lentationtc

the co_resrondin_ one in the reference orbit is ili_stra+ed. The crcss-_tched

area of the fi,_urerepresents the hemisphere cf the earth that is in daM:ness.
f

L As can be seeu the pattern of surli_ht on the earth is s_mnetri=al with resp_^t

to the sun line vector r"s. The point S is some point on an orbit to be corres-

ponded to the n_ference orbit which is sho_m as the equatorial orbit. Consider

for the moment a sphere of uniform, surface coating. Since the sunlipht is

s:_metrical with respect to the sun line, the radius vector "r :f the satellite

' could be rotated anywhere around the sun line without chanpin_ the Fattern of

sunli_,ntthat the satellite would see. Hence a position in the reference orbit

1964008526-123
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at an an_le @ with respect to the sun line where @ is the angle between the sun

line and the radius vector would see the same pattern of sunlight on the earth.

The angie @ is easily obtained in the following manner:

_'Ts I
0 = cos-I _ _.-_-'-_

S

However, with a ncnunifcrm,satellite the different surface coatings can

have varging portions c__po_sed to the sunlight pattern on the earth. In a vertically

oriented zontrol _,stem for near circular orbits the rotation of the satellite

patterz ',ithrespect to the sunlight pattern on the earth has only one degree

of freedom. Hence, the a_gle _ between the _cls of s_mnetx_j(velocity vector) and

a great circle througllthe sun line will deso_be the orientatAon of the satellite

in tLe reference orbit.
;

In figure _.8-9 is shown a cutaway view of figure _.8-8 in the plane
o

cf the sun line and the radius vector and a side view of that in the plane cf

the velocity vector. The vector a represents t,he direction of the g_eat circle

at the point of intersection with the radius vector and can be calculated as

follows:

rs cos@

The angle _ ia then the angle between the vector a and the velocity vector:

G=_cos-i _a " _i
av

Since four quadrant resolution is needed on the angle _ a second vector

_ can _e _de perpendicular to both th_ radius vector aud _ by taking the cross

product :

 =Pxa

Then if the a=gle between _ and the velocity vector isiess than 90 degrees

the angle _ will be in the third or fourth quadrants.

If 9 v< then _< 0

_+
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",_ts procedure then fives the forces cn the satellite it, the coordinate

_-stem of the reference orbit. Ln order to be used in the orbic_l _r_iictfon

_roFram the forces must be transformed into a _eocentric coordinate systen. In

figure _.8-I0 are shown she three rotations which _st be t_adein the tr_usfcr_a-

tion.

_"_,efirst rotation made is a clockwise rotation a_out the z' axis thrcug;:

an an_le 90-@ degrees. This def_.nesa double prir.ecoordinate _jstem w_ch _s

its x axis in the plane of the equator. If nex% a c!ccl.wiserotation about the x"

axis through an ancle i, which represents the inclination of the reference orbit

with respect to the equator, is made a tri_le prL_e coordL_ate system is d_fLned

which has both its x and y axes in the plane of the eq,mtor. Furthermore, the y"

axis will be _arallel to the projection c£ the sun line in the _,e of the

equator. Thus a final rotation about the z" a_s though an angle ._,which is

defined as the an_e between the sun llne and the positive y axis of the geoCentric

coordinate system. The angles i and n are expressed as follows:

r s

i = s_ -I (K_sz)

n : tan-1(Zi
rsz )

and the forces can be transformed to the geocentric by:

: -. "

where _' are the forces in the reference orbit system, _' are the fcrces in the --

geocentric system and T Ti T(90.@) is:

/

r-
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cos ._sin 0 - cos :-:ccs@ sin D.sin i

-sin _ -_-_i c_aO -sir. " cos _ sin 0

T T. T = sin .isin @ -sin . cos @ -cos _ sin i
•, x (90-@) +cos ._cos i cos @ -LcosS cos i sir.@

sin i cos @ sin i sin @ cos i

_,o_e_described above has been used to ra_e co_puter runs showing

the _agnitude of mobility which can be _xpected. In the r_ns shown here only the

direct solar force was included in the force table. This; however, is enough to

show the de_ree of mo_ility which can be expected since the total mobility car.

be _ade either greater than or less than that calculated with only the direct so!at

forces by adjusting the coating parameters.

In figures _.8-iI and _.8-12 are shown the results of two mobility runs,

These xn_.swere made on a her.._spheric_llycoated satellite with enlssivities of

.90 and .50 for the two surfaces. The satellite was started in a circular orbit

_th an altitude of 1500 miles and an inclination angle of &5 decrees and allowed

to run under the vertical control system.

Two separate r_us were made with the axis of symnetry of the satellite

at 0 and 180 degrees with respect to the velocity vector. L_.enthe her/sphere

_th the hither emissivity is directed along the velocity vector the solar _ressure

forces tend to decrease the energy in the orbit, thus increasing the period of the

satellite and causing it to appear to slow down with respect to another satellite,

Thi_confi_ation will be referred to as the slow mode. Similarly, when the

hemisphere with the lower esdssivit,y is directed along the velocity _7ectorthe

solar pressure forces tend to increase the enerL7 in the orbit, thus causing it to

appear to speed up with respect to another satellite. This configuration will be

referred to as the fast mode.

In f_gure _.8-Ii is showr,a plot of the orbital period for both the

._Iowmode and the fast mode runs. the solid black line denotes the slow m._derun

I""
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Ficure L.8-11
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Figure &.8-12
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while the broken llne denotes the fast mode run. As ca:,be expected, the slow

mode configuration causes the period of the satellite to become larger than does

the fast mode.

FiDAre _.8--12shows the amount of anDAlar difference which can be

attained as a function of time for two ._tellites which originally hav_ the same ._

orbital period. During the first few days of the run the period_ of the two -.

satellites are still nearly equal and the amount of angular differenc_ is very -"

small. However, as the two periods become more divergent the larger angular ';

_fference over each orbit causes the total angular difference to build up some-

what exponentially. As _ be seen from the curve, even though a difference of

only three degrees can be achieved over the first ten days a difference of abou_

_5 degrees can be achieved over a period of thirty days. This shows that station

keeping corrections to the orbits of the satell_.teswill probably have to be made
I

over a period of approximately twenty days.

I l" Jill - IIiII 1_ I • b
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5.0 SU}_ARY ASSES_.'_.kT _

A passive _om_nur_icationssatellite vertically oriented with controllable

mobility has Ieen shown to he within the realm,,of possibility. This satf.,ili_could

be constructed of materials sim/lar to Echo II with approximately double the weight i

for a _iven d_meter. The _ssible altitudes of operation fall in the range of

500 t_ 3500 statute miles. The evaluation of reduction in.the number of satellites

requirmd over a system of randem placement requires further computation of mobility.

Optimization studies will probably improve some parameters.

One major area for further development is reliability to reduce the

penalties for radiation damage _nd the need for redundant components. Another

_aJor area for further development is the satellite structure.which will require _

the specification and performance c£ physical tests of raterials, and effects

encountered durin_ inflation and deployment.

!-,
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